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Principal Investigators:
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The principal goal of the program was to develop two-photon absorption spectroscopy

(TPAS) as a tool for characterizing HgCdTe, to identify impurity and defect levels in the forbidden

energy gap of HgCdTe, and determine the effect of these impurities on the lifetime of minority

carriers by the use of time-resolved spectroscopic studies. The specific tasks that were performed

from section 3.0 of the statement of work are:

a. Build an experimental facility specifically designed for the characterization of

HgCdTe, with special emphasis given to infrared laser systems, variable low

temperature apparatus, and high magnetic fields.

b. Investigate TPAS at energies below the bandgap for HgCdTe and identify all

observable sub-band gap energy levels.

c. Identify impurity related energy levels and correlate with specific impurities.

d. Investigate the time-resolved behavior of HgCdTe to two-photon absorption

excitation. Use information obtained to estimate the "generic lifetime" of the

charge carriers.

e. Analyze "lifetime" data to determine surface and bulk recombination



probabilities.

As a result of this program significant results were obtained in each task. Specifically, the

highlights of the program are summarized by task as follows:

Task (a) An experimental facility specifically designed to study HgCdTe has been

completed and is fully operational. A schematic diagram of the experimental layout is detailed in

Figure 1. The specific equipment purchased and installed during the first year were: an Apollo

model 150 CO. laser, an Apollo model 125 far infrared laser system, and a 120 kG superconducting

solenoid mounted in a Janis 16CNDT supervaritemp dewar. The solenoid has magnetic field

modulation coils capable of producing AC magnetic fields of ± 500 gauss peak-to-peak. The CO2

laser is grating tunable and is capable of producing continuous wave powers greater than 100 watts

for any of the available laser frequencies. The laser can be operated in any one of four modes:

continuous wave, electronically pulsed, electronically chopped, and Q-switched. The variable

temperature cryostat containing the superconducting solenoid is capable of producing sample

temperatures between 1.8 K and 300 K, controllable to ± 0.5K.

Sample holders for the low temperature cryostat have been designed to allow for rapid

sample change and cooldown. The sample is mounted in an integrated circuit chip carrier which is

non-magnetic and mates to a socket permanently attached to the sample holder. A detailed

description of the carrier is shown in Figure 2. Twelve leads are available to bring out the sample

signals. This flexibility permits the measurement of several samples during a single low temperature

run.

During the first quarter of the program, all features of the UNT Infrared Laser and High

Magnetic Field Facility were put into working order. The magnetic field modulation coils were tested

by studying the Shubnikov de-Haas effect in a number of different samples: (I) GaSb, (2) MBE-

grown HgTe, and (3) superlattices of HgCdTe. The results of the HgTe study were reported at the

1987 U. S. Workshop on the Physics and Chemistry of HgCdTe and in the two published articles" ,2 .

Task (b) Two-photon magnetoabsorption (TPMA) spectra have been obtained for the first
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time for samples of p- and n-type HgCdTe. A variety of samples with x-values between 0.20 and

0.31 were studied and the results analyzed to extract the energy band structure and temperature

dependence of the energy gap of HgCdTe. Detailed information on the samples studied during this

program is given in Table I. Figure 3 shows typical TPMA spectra (high field region) obtained as a

function of laser wavelength for sample #4, along with one-photon (OPMA) and impurity (IMO) data

seen at lower magnetic fields. The two strong TPMA peaks seen here between 80 kG and 120 kG

have also been observed in every sample of HgCdTe with x > 0.23 studied and are identified as the

two photon transitions denoted by LI and L2 in Table II. Theoretical calculations of transition

energies versus magnetic field are shown in Figure 4 for each of the magneto-optical effects

mentioned above. The magnetic field induced or Landau level energies were calculated using a

modified Pidgeon-Brown (P-B) energy band model and the following set of energy band parameters3:

Ep = 19 eV, A = 1.0 eV, -1, = 3.3, -12 = 0.1, Y3 = 0.9, = -0.8, F = -0.8, q = 0.0, and N 1 = 0.0, and

the appropriate one- or two-photon selection rules. The value of the energy gap (Eg) was

determined by fitting the theoretical energies to the OPMA and TPMA data using Egas an adjustable

parameter. The transition energy for TPMA are given by

2h)=E a, ncB) -E a, nv, B)
2w=c - v

where hw is the photon energy of the laser, Ea ' nc, B) represents the energies of the conduction band
c

a~b
Landau Levels of spin state a or b, E a'(nv,1B) represents the energies of the valence band Landau

levels, n is the Landau quantum number, B is the magnetic field, and the zero of energy is defined at

the top of the valence band. For a consistent description of both the OPMA and TMPA data, an

exciton binding energy correction was added to the OPMA data. The TPMA selection rule

dependence was tested by obtaining TPMA spectra using left circularly (oL ) and right circularly

polarized (aR ) laser light. An example of the spectra is shown in Figure 5. According to second

order perturbation theory, two-photon absorption transition probablities are proportional to the

product of two matrix elements. In the "intra-interband" transition picture, one matrix element
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represents an intraband transition while the other represents an interband one. Thus, two-photon

absorption is predicted to be strongest using aL polarized light since the controlling intraband

transition is cyclotron resonance. It is seen in Figure 5 that the TPMA selection rule An = +2 for aL

polarization is confirmed by the clear dependence of the TPMA spectra on polarization.

Finally, the broad peak (long arrows) observed on the high field side of the last OPMA peak is

identified as an arising from electron transitions from a shallow acceptor to the lowest conduction

band Landau level. Comparison of this IMO data with the theoretical predictions yields an acceptor

binding energy of 9.8 meV. This energy is consistent with that for Cu acceptors in HgCdTe 4. A

major significance of this result is that IMO spectra provides a new means of detecting the presence

of compensating acceptors in n-type material.

Figures 6, 8, 10, 11, and 12 show examples of TPMA spectra obtained for sample #7, #8, #9,

#10 and #12, respectively. In each case the two strong TPMA resonances LI and L2 are observed.

In addition, samples #4, #6, and #11 show TPMA structure whose identification are given in Table

II. Figures 7, 9, and 13 show the comparison of theoretical predictions to the TPMA data for samples

#7, #*8, and #12. In addition, a comparison for samples #4, #9 , #10, and #12 are shown in Figure

14, along with a summary of other results. In each case the TPMA data provides a very accurate

measure of the energy gap of each sample. As a result, TPMA measurements have been used to

investigate the temperature dependence of the energy gap of HgCdTe. Examples of the temperature

dependence of the TPMA spectra are shown for sample #4 in Figure 15 and sample #8 in Figure 16.

Also shown in Figure 15 is the temperature dependence of the OPMA spectra. The magnetic field

positions of the two strong TPMA resonances are seen to be relatively independent of temperature

between 2K and 15K, then shift to lower magnetic field at higher temperatures. The data was

analyzed by calculating the TPMA transition energies using the Pidgeon-Brown model with Eg as the

only parameter adjusted in order to fit the experimental data.

During this program, the results of two-photon magnetoabsorption in various alloys of HgCdTe

were complied in order to determine an accurate relationship for the energy gap as a function of



T 7k

9.52prm

9.76

LU
(n)z
0
Ul)
LU

cc

wI

__ _ _ _ _ _ _ __ _ _ _ _ _ _

0 iI

10.35



Cci

cn~

EE

N C)

01- 0
E:

CD, L.

co t
CM 1cm 0-V-

(ALU CO U4



T= 7K
A~= 9.47 tm

w

z
0

0

006

20140.10 8 0 2
0ANTCFED(G
i gue8-aeeghdpndneo htcnutv
0epnefr wl 8



I~

C%4J

E

S- 'a

V)

4 -

~-0
-)

.4-

4J 4-

(0 M 0) E

Z E

0

> )

o o

(A UJ (04Z



- - - -t1

Co)

z
0

0

0

0.9

T 7K

0 20 40 60 80 100 120
MAGNETIC FIELD (kG)

Figure 10. Photoconductive response vs. magnetic field for x =0.26
sample. Note the two-photon absorption peaks.



9.4
IW

.0

10.4

C.)

0

0 T 7K

006

10 20 30 40 50 60 70 80 90 100110 120
B (kG)

Figure 11. Photoconductive response vs. magnetic field for x =0.278
sample. Note the two-photon absorption peaks.



T=7.5K

x=0.30 n-HgCdTei

9.1 74 Lml'

C,)z
0
CI)

D 9.43

0

0

0
10200

1061

10.83

0 10 20 30 40 5060 7080 90
B [kG]

Figure 12. Wavelength dependence of the photoconductive
response for sample #12.



0)0

SS
1%6 ho

01O

IM

LUL
.4

U V)
CV) z

RTE

(AG(0 (04



CM~

.j~

0r)

CJ
I--

CM LL

0-

4-

04 0

-C

4)

ci-

(Aew) co



U
SI I I I I I I

OPA TPA
X =9.33gm =10.61gm
T=5K T=2K

w 7
C')z

a--
0

C°)

oU 10

0 2
0

030
0 20 60

0
I--
0

0 10 20 30 40 50 60 70 80 90 100110
B[kG]

Figure 15. Temperature dependence of the OPA and TPA magneto-
optical spectra for sample #4.



)=1 0.24 jm

T=5K

10

w
15

0
C-
C',

m 30
w

55
z
0

0

0
.0~ 100

120

0 20 40 60 80 100 120
MAGNETIC FIELD (kG)

Figure 16. Temperature dependence of the photoconductive spectra for the 1 THM sample.



!
-24-

temperature ( Eg(x,T) ). The most frequent methods for determining the MCT energy gap are

usually based on either detector cut-off wavelength or optical absorption cut-on. However, the

definition of the energy gap from these types of measurements is ambiguous. The absorption edge is

not infinitely sharp because of free carrier and phonon absorption along with band tailing effects.

An example of the variability of defining Eg from an optical absorption measurement is (1) using the

photon energy value at which a = 500 cm - 1 as opposed to (2) using the energy at the turning point

where the sharply rising region of the absorption curve crosses the comparatively smooth region of

intrinsic absorption (usually observed for a = 3000 to 4000 cm-1 . Photoluminescence experiments

have also proven difficult to perform in the smaller band gap materials. The use of two-photon

magnetoabsorption (TPMA) has provided a much more sensitive measure of Eg, revealing a nonlinear

temperature dependence of Eg at temperatures below 40K. Through the use of TPMA measurements

an empirical relationship that properly accounts for this nonlinear temperature dependence while still

accurately describing the x dependence for 0 5 x :s 0.3 has been obtained.

Figure 17 shows a plot of Eg(x,T) for several sets of magneto-optically derived Eg values for

very low temperatures (< 10 K), along with our TPMA-deduced values of Eg. Table III gives the

values of Eg and x used in the graphs of Figs. 17 and 18 (Ref.s 5-10) along with the magneto-optical

technique used to obtain them. The variations of two empirical relationships that represent the most

extreme behavior also area shown in Fig. 17 by the solid lines (Weiler's 3 and the HSC relationship"1 ).

It is immediately clear that the biggest differences in these two relationships occur in the x = 0.2 - 0.3

region. Thus in order to test which relationship is most accurate, the magneto-optical data in the

range 0.2 to 0.3 is replotted in Fig. 18. For completeness the variations of three additional empirical

relationships that have also been reported in the literature: Nemirovsky and Finkman (NF)'2 , Chu,

Xu, and Tang (CXT)13, and Legros and Triboulet (LT) 14 have also been included. In addition two

values from the recent EMIS Datareviews Series No. 315 have been added. The Schmit and Stelzer 16

relationship was not included because the low value of Eg (-250 meV) obtained from it at x = 0 are

in disagreement with the low x-value MCT data of Guldner et al.5 ,6 and the HgTe results from
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Dobrowolska et al.7 The extremely wide variation in predicted Eg values from these relationships is

apparent. The important observation to note is that the present TPMA work verifies the use of the

HSC relationship as representing the best value of Eg(x,T) in the range 0.0 to 0.3 at very low

temperatures (< 10 K).

Most workers have ignored the fact the Eg(T) should vary nonlinearly with T at low

temperatures (see the thermodynamic arguments presented later). Until this study, accurate low

temperature Eg(T) data simply did not exist. Figure 16 shows how the TPMA spectra obtained at A

= 10.24 pm depend upon lattice temperature T. A shift in magnetic field positions of the resonant L1

and L2 structure is seen to be small for T < 15 K, but quite noticeable for T > 15 K. The shift of

the resonant structure to lower magnetic fields for increasing temperatures is a direct consequence of

the increasing energy gap, since as Eg becomes larger, the valence- and conduction-band Landau

levels become further apart in energy. Thus, smaller values of magnetic field are required to meet

the TPMA resonant condition for a given two-photon energy. At each temperature, multiple

wavelengths were then used to determine values of Eg.

In order to describe the temperature dependence of Eg, the linear temperature term T in the

Hansen-Schmit-Casselman relation has been replaced by the term A+T .elds the following

expression:

Eg(x,T) = -0.302 + 1.93x + 5.35(1- 2x)(10)A + T31 - 0.810x 2 + 0.832x3 . (2)
B + T2J

This functional relationship agrees with the HSC relationship at high temperatures, while allowing for

an offset from the HSC relationship at 0 K. It also agrees with the fact that dEg/dT = 0 at 0 K. The

size of the 0 K offset is determined by A/B, while the temperature above which agreement with HSC

occurs is determined from the inequalities T >> 3VA" and T >> '[B. A composite of three sets of Eg

versus T data for the samples with x = 0.239, x = 0.253, and x = 0.2595 have been fitted

simultaneously by a nonlinear least squares routine. The first and third values were obtained from

II I I



I
-28-

Cominco, while the second was chosen to be consistent with the HSC relationship at high

temperatures. The data merge smoothly with the HSC resationship above 100 K. Below 100 K the

data lie below the HSC relationship, and become constant before 10 K. Figure 19 shows the

composite data rationalized for comparison by subtracting the 0 K energy gap obtained from HSC and

dividing by 0.535 (1-2x). Rationalizpd HSC values are used at high temperature so that a fit was

obtained between 0 and 300 K. Figure 20 shows an expansion of Figure 19 for T = 0 to 100 K. The

constants A and B that best fit all the data are: A = -1822 K3 and B = 255.2 K2 . Although A and B

can vary with x, no trend was observed by fitting the data individually for each sample, and these A

and B values provide a best fit to all of the data. The offsets between our fit and HSC at 0 K are on

the order of 2 meV, which is comparable to the value implied by the uncertainty in x values. Even

though at 0 K the offsets are small, the differences predicted by the new relationship and associated

with the nonlinear temperature dependence of Eg are on the order of 3 to 4 meV at 15 K and should

be taken into account in experiments requiring high accuracy.

Figures 21, 22, and 23 show the data for the energy gap as a function of temperature for each

sample along with the result of the composite fit. In each case the fit is adequate relative to the "- 2

meV uncertainty that arises mainly from the uncertainty in x. Figure 24 shows dEg/dT, rationalized

as in Fig. 19, determined from the data as well as the fit (represented by the line). It is seen that

dEg,/dT rises rapidly at low temperatures, reaches a peak at 15-20 K, and then becomes asymptotic to

that of HSC. A peak was predicted by Popko and Pawlikowski' 7 from the dilatational part of the

temperature dependence of the energy gap. Here the calculations are revised by using more recent

data obtained by Caporaletti and Graham' s for the thermal expansion coefficient of HgCdTe alloys.

A value for x = 0.25 alloys has been obtained by averaging the values obtained at 0.20 and 0.30 for

dEg/dT in Ref. 15. The 25 percent rise in dEg/dT above unity at 15-20 K seen in Fig. 24, is found

to agree numerically when the new expansion coefficient value is used in the formula of Ref. 14.

Figure 25 shows the difference between our new relationship and that of HSC as a function of

temperature for x = 0.2, 0.25, and 0.3. The difference peaks near 15 K and becomes negligible

above 100 K for each curve. According to the laws of thermodynamics discussed by Thurmond, 19
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the forbidden energy gap, AEcv , is the standard Gibbs energy for formation of electrons and holes

as a function of temperature. The temperature dependence of AEcv may be found from the

standard thermodynamic relations:ZO

d(AEcv) =

dT AScv (fixed pressure) (3)

where A Scv is the entropy of formation and T is temperature. By the third law of thermodynamics,

AScv -- 0 as T - 0, so that d(AEcv)/dT -- 0 as T -. 0. The entropy in this case goes to zero

physically because all valence states become filled and all conduction states become empty, It is

mathematically satisfying that the derivative becomes zero because there is no temperature below

absolute zero, which would be needed in the definition of the derivative if it were finite.

Task (c)

In task (b) the observation of magneto-optical resonances due to the presence of impurities and

defects was briefly discussed. These results showed that, using magneto-optical techniques, it was

possible to measure both shallow acceptor levels and midgap states. During most of this program an

emphasis was placed on obtaining sufficient impurity/defect-related magneto-optical data to develop

a clearer picture of wl-. . levels are present. Consistent use was made of light polarization to

determine the origin of the magneto-optical resonances observed. To illustrate the usefulness of light

polarization an example of the TPMA and impurity/defect magneto-optical spectra obtained for left

circularly polarized (oL) and right circularly polarized light (oR) are shown in Figure 26 for sample

#10. For aL two strong TPMA resonances labelled by the solid arrows L1 and L2 are seen. The

transition assignments for L, and L. are given in Table 1I. The two broader absorption peaks,

labelled I and 2, are ascribed to electron transitions from two closely-spaced impurity/defect levels

located at approximately midgap to the lowest-lying conduction band Landau level. The magnetic

field positions of all arrows indicate the theoretically expected positions of both the TPMA and the

impurity/defect resonances. Upon changing the polarization to oR the strong oL transitions disappear
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being replaced with weaker TPMA resonances labelled by R1-R5. It should be noted that R, and R2

are more widely-spaced in magnetic field than the impurity/defect transitions I and 2, and some

features of I and 2 appear for both polarizations. Thus, by the use of circular polarization, one can

separate out the contributions to the magneto-optical spectra from each absorption process mentioned

above.

Two-photon interband and impurity-to-band magneto-optical spectra for an n-type sample

with x= 0.296 (Sample #11) are shown in Figure 27. The wavelength dependence of the

photoconductive response, obtained at 5K, is shown in order of decreasing wavelength or increasing

photon energy. The downward-pointing arrows, labelled by the transition assignments L1, L., etc.,

indicate magneto-optical resonances arising from two-photon magneto-absorption (TPMA), discussed

earlier in this report. At higher magnetic fields, beyond the last aL TPMA resonance, two magneto-

optical resonances are seen. These result from electron transitions from closely spaced

impurity/defect levels located at approximately midgap to the lowest-lying conduction band Landau

level.

Figure 28 shows a comparison of theoretically calculated and experimentally determined

transition energies for both the two-photon and midgap level transitions. The transition energies of

the TPMA resonances are described using Equation I and the midgap level transitions are given by
a,b

hw= Ec  (nc,B) - Ei, (4)

where Ei is the activation energy of the midgap level, as referenced to the valence band edge. Note

that as B - 0, hw - Eg - Ei. The theoretical transition energies shown in Figure 28 were calculated

using Weiler's 3 set of energy band parameters in the modified Pigeon-Brown scheme: Ep = 19.0 eV,

A = 1.0 eV, "y, = 3.3, _Y? = 0.1, "Y3 = 0.9, K = -0.8, F = -0.8, q =0.0, and N, = 0.0. From the TPMA

data for sample #l1, a value of 222.0 t 0.5 meV for the energy gap of this sample is obtained. The

analysis of the impurity/defect level data yields activation energies of 111.5 meV and 116.0 meV for

the two closely spaced midgap levels. It is currently believed that these midgap states result from the

formation of cation vacancy, anion impurity complex.

Figure 29 shows the wavelength dependence of PC response of sample # 6. Magneto-optical
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structure located at low field are identified as arising from midgap states. Figure 30 shows the

comparison between theoretical predictions and magneto-optical absorption data, yielding the energy

gap of 136 meV and the activation energies of 63 and 68 meV at T = 7K (reported earlier). In

addition, the analysis of the broad resonance labelled 5 in Figure 30 yields an activation energy of

20.0 meV for the shallow acceptor level.

Figure 31 shows impurity magneto-optical (IMO) spectra from sample #3. At low magnetic

fields resonant structure (labelled K1, KZ K 3 etc.) due to one photon magnetoabsorption (OPMA) are

observed. The transition assignments for K-K, are also given in Table II. The transition energies

for OPMA are given by

hw = Ea ,ncB) - E aqnv,B), (5)

a bwhere fzw is the laser photon energy, Ec' (nc,B) represents the energies of the conduction band
a,b,Landau levels of spin a or b, Ea (nv , B ) represents the energies of the valence band Landau levels, n

is the Landau level quantum number, B is the magnetic field strength, and the zero of energy is

defined at the zero-field valence band edge. Note that as B - 0, hw -- Eg. Thus, the value of the

energy gap can be obtained by fitting the OPMA data using Eg as an adjustable parameter and

adding the appropriate exciton correction. From previous studies which compared OPMA and TPMA

data obtained on the same sample it was found to be sufficient to add an exciton correction of 2 meV

for samples with Eg = 100 meV.

At magnetic field beyond which OPMA can be observed, a weak magneto-optical resonance

originating from a very shallow acceptor level is seen. The analysis of the OPMA and shallow level

data are shown in Figure 32. For the calculation of the activation energy of the shallow level, the

transition energies from the impurity or defect levels to the conduction band via one-photon

absorption can be described by Equation 5, where Ei is the energy of the identified level (midgap,

shallow acceptor, etc.) above the valence band. From the OPMA data an energy gap of 104.0 meV at

5K is extracted and the analysis of the shallow level data yields an activation or binding energy of 7
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meV. This level is somewhat more shallow than the - 10 meV level observed in the wider gap

samples (see Table 1), although levels this shallow have been seen in p-type samples with similar x-

values (see also Table IV, Bartoli, 1986). The complete results and analysis for 12 samples of

different x values are summarized in Table I.

A survey of past work on impurities and defects in HgCdTe is given in Table IV. This table is

not meant to be exhaustive, only representative of past work. From this table, several trends emerge:

(I) shallow acceptor-like levels with activation energies between = 2 and 20 meV are seen in most

samples, (2) near midgap levels are also detected in most samples, and (3) there is evidence for a third

level at = 3/4 Eg above the valence band edge. The results of the magneto-optical studies, given in

Table I, are in agreement with these conclusions. Thus magneto-optical methods provides a direct,

sensitive means of detecting the presence of impurities and defects in HgCdTe alloys.

Finally, new magneto-oscillatory structure has been observed which does not shift with incident

photon energy and is thus not magneto-optical in nature. An example of this structure can be seen in

Figure #3 and Figure #33 for sample #4. These oscillations are observed only in the photoconductive

response at high laser intensities and exhibit a periodicity with inverse magnetic field. Given these

features, the following models to explain the data were considered:

(I) Two-dimensional Shubnikov-de-Haas oscillations

(2) Impurity-assisted magnetophonon oscillations.

(3) Magneto-impurity oscillations.

(4) Resonant Impact Ionization of Valence Electrons to Impurity/Defect Levels

After detailed consideration of these models it was determined that either magneto-impurity

oscillations or resonant impact ionization could be responsible for the observed oscillations. In order

to better interpret the wavelength-independent structure, magnetic field modulation techniques were

employed to increase the resolution of the oscillations. An example of the improved resolution is seen

in Figure 34. A total of 10 resonances are clearly resolved. To explain the data, models (3) and (4)
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were examined. In the magneto-impurity model resonant scattering of carriers between impurity

levels and Landau levels occurs such that oscillations are observed whenever 4 7

nhuwc = E2-E1 , (6)

where E2 and E1 are the energies of two impurity states, one of which is usually the ground state, and

howc is the energy separation between Landau levels. Since the impurity that dominates the

magnetoabsorption spectra is the shallow acceptor level, the MI oscillations involve resonant scattering

between the heavy-hole Landau levels and this shallow acceptor's ground and excited states. Figure 35

shows the result of fitting the data presented in Figure 33 using the MI model. The solid lines

represent the energy separation between the lowest lying heavy-hole Landau levels (both + and -

spins) and successive heavy hole levels, or, equivalently, the field dependence of nhwc, and the solid

boxes are the magnetic field positions of the MI resonances. A good fit is clearly obtained when

EZ-E 1 = -4.25 meV. This energy corresponds closely to that expected for the energy separation

between the first excited state of the shallow acceptor to the valence band continuum.

In order to verify the involvement to the shallow impurity in the observed resonant structure, a

temperature dependence of the oscillations was recorded. A example of this is shown in Figure 36.

The strength of the oscillations are seen to be strongly temperature dependent, essentially vanishing

above 21 K. This would be expected if the energy states of a shallow impurity played a role in the

oscillations, since they are rapidly ionized with increasing temperature. The resonant structure also

moves to higher magnetic field with increasing temperature, consistent with the model.

In model (4) the oscillatory structure is due to relaxation of photoexcited hot electrons via

impact ionization of valence electrons into trap levels. The hot electrons are created by interband

absorption of CO. laser radiation. The conditions necessary for the impact ionization process to occur

are a nonequilibrium electron distribution and whenever relaxation cannot occur by emission of

longitudinal optic phonons. For the HgCdTe data shown in Figures 33 - 36 the magnetic field creates

the nonequilibrium electron distribution and the phonon energy is less than the Landau level
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separation. The proposed process for our HgCdTe data is then the following: (1) Sequential

absorption of two photons, creating a population of hot electrons, (2) Auger relaxation of the hot

electrons, with subsequent impact ionization of valence electrons to the midgap levels.

Currently, both models can describe the observed data and work is continuing to confirm

which model is correct. If Model (4) is correct then this would represent a new type of spectroscopy

for impurity and defect levels using near (above) band gap photon energies, thus extending the range

of the currently available magneto-optical work.

Task (d) and (e) Work in these tasks has proceeded in two areas: (1) The development of a

novel method to determine the true minority carrier lifetime in p-type narrow gap materials, and (2)

the investigation of laser-induced impurity absorption processes and carrier dynamics in p-type

material. Work in the second area is aimed primarily at determining the individual absorption and

recombination coefficients of impurity and defect levels along with their respective concentrations.

Progress in these areas is summarized below:

During the first year a novel method was developed to determine minority carrier lifetimes.

The basis for the method about to be discussed is a technique recently developed at UNT to obtain

information about multi-carrier semiconductor systems (see Applied Physics Letters, Volume 51, p.

1916, 1987, a reprint of this article is also appended). The technique employs the measurement and

subsequent analysis of the magnetoconductivity (MC) tensor components Gxx and axy of a

semiconductor. By analyzing the MC tensor components it was shown that the carrier concentration

and mobility of both majority and minority carriers could be easily obtained. Although the method

was first applied to multi-carrier analysis in dark, thermal equilibrium conditions, it was shown this

year to be applicable to the analysis and study of photo-excited carriers under laser excitation (i.e.,

nonequilibruim) conditions. This permitted the extraction of "true" minority carrier lifetimes in p-

type semiconductors.

To test the concept out, samples of p-lnSb were first used. Figure 37 shows the axy

component of the MC tensor versus magnetic field under dark, thermal equilibrium conditions at four
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different temperatures. At lower temperatures (77 and 100K), only heavy and light holes can be

seen, as expected. However, at 135K, the presence of a relatively small concentration of intrinsic

electrons (minority carriers) can be detected. At 160K, however, the number of intrins:c electrons

thermally excited across the gap completely dominates the transport of the sample at low magnetic

fields. Details of the analysis are given in the appended Applied Physics Letter.

A Tektronix waveform digitizer was used to capture the transient behavior of axy, allowing the

effect of" a CO, laser pulse, (98 nsec full width at half maximum) incident on the sample, to be

observed. An example of the effect of laser excitation on Uxy is shown in Figure 38. The laser

wavelength (9.25 jum) was chosen such that two-photon excitation was present and thus the TPMA-

generated minority carriers (electrons) could be observed and studied. Figure 39a shows the following

four sets of transient data and corresponding theoretical curves: (1) in the dark, at a time before the

laser pulse is incident on the sample, (2) at the peak of the signal, at a time 325 ns after the start of

the laser pulse, (3) 435 nsec after, and (4) 515 nsec after. Note from Figure 38 that the peak of the

signal occurs approximately at the end of the laser pulse. Figures 39b and 39c show how the MC

tensor analysis can be used to extract the time-resolved behavior of the minority carrier

concentration. Thus, the magnetophotoconductivity (MPC) technique can provide directly the

number of photoexcited minority carriers An as a function of time and, as a result, the true minority

carrier lifetime.

Figure 40 shows the number of photoexcited electrons An as a function of time for T = 100

and 160K obtained using the MPC technique. Note that the technique is extremely sensitive to the

number of minority carrier electrons (detection limit = 4 x 1010 cm - 3 electrons in the presence of - 2

x 1014 cm - 3 holes at lOOK). For comparison purposes, the time variation of the photoconductive

(PC) response is also plotted. It is seen that the PC response possesses a single stage decay for T =

1OOK and a two-stage decay for T = 160K. The electron lifetime at lOOK is seen to be much shorter

than .'ie lifetime implied by the PC response and follows the first stage of the two-stage PC decay for

= 160K. At 100 K, the PC response is known to be dominated by impurity absorption, creating
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only holes with a long lifetime. The presence of the much smaller concentration of two-photon

j created electrons can only be detected by the more sensitive MPC method. At 160K, intrinsic

conduction dominates and hence the first stage decay of the PC response is due to a decrease in the

number of minority-carrier electrons, in agreement with the results of the MPC analysis. Further

details of this work are given in the Applied Physics Letter appended to this report.

gII. Other Areas

Our investigation of p-type samples of HgCdTe have revealed some new magneto-optical

effects. One of these which can be at least qualitatively explained at this point in time will be

discussed below. Figure 41 shows the photovoltaic response of a sample of x = 0.244 p-type HgCdTe.

Clearly seen in the spectra shown are a series of resonances which shift to lower magnetic fields for

longer CO 2 laser wavelengths (see arrows). Upon analysis of the magneto-optical results, the only

model which could quantitatively explain the transition energy data was a phonon-assisted free carrier

absorption process, where energy conservation demands

hw = E2 -E1 +nhw lo (7)

where E1 and E. represent Landau level energies and hwlo is the longitudinal optical phonon energy.

In our case, the best fit to the data (shown in Figure 42) is obtained from harmonics of combined

resonance of free holes with the assistance of two optic phonons. This yields a optic phonon energy

of t- 15 meV, in reasonable agreement with the optic phonon energy in HgCdTe with x = 0.24.48

The principal goal of this program was to develop two-phot3n absorption spectroscopy (TPAS) as

a tool for characterizing alloys of HgCdTe. This included the the study of the band structure of

HgCdTe and the identification of impurity and defect levels in the forbidden energy gap. As a result

of this program, magneto-optical spectroscopy (MOS) measurements have provided a new means of

studying the electrical and optical properties of (Hg,Cd)Te. Two-photon magnetoabsorption (TPMA)



- 59 -

has been used to accurately determine the temperature dependence of the energy gap of various

(Hg,Cd)Te alloys, revealing behavior that deviates from currently accepted models. In addition,

magneto-optical techniques have been used to detect the presence of both shallow and deep

impurities/defects and accurately determine their activation energies. All of the results shown in this

report represent first observations of each type of phenomena in HgCdTe, whether magneto-optical,

magnetotransport, or lifetime related. These techniques have, during this program, been developed to

the point that they can be used to study specifically "tailored" (i.e., specifically doped, annealed,

and/or processed), and provide quantitative information about the impurity or defect levels that most

strongly influence infrared device or detector performance. Thus, the TPAS technique has been

sufficiently developed to assure its success as a powerful technique for the characterization of

HgCdTe alloys.
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Table I

Sample Properties and Magneto-Optical Results

Sample n (77K) M (77K) Eg (7K) X-value E1 (meV) E, (meV) E3 (meV)

(CM- 3) (cm 2/V-s) (meV)

I t_ 5x10' 4  , lx10 5  80.0 0.217 7.0 - -

2 - 5x1014  Ix10s 99.0 0.225 - 18.0, 26.0 -

3 3x1014  1.5x105 104.0 0.225 7.0 - -

4 1.4x10 14  1.6x10 5  122.0 0.239 9.8 - -

5 2.8x101 4  1.2x10s 125.0 0.241 10.0 - 60.0

6 = 5x1014  -x10 5  136.0 0.246 - - 63.0, 68.0

7 = 5x1014  -x10 5  136.0 0.246 10.2 - -

8 3.0xi0 14  1.3xi0s 146.0 0.253 - -

9 1.0xl014  7.6x10 4  156.0 0.259 - -

10 1.4x10' 4  6.5x10 4  188.0 0.278 - 90.0, 94.0

11 3.5x101 4  4.3x106 222.0 0.296 111.5, 116.0

12 9.9x1013 5.3x10 4 225.0 0.300 - -
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Table 11

I One- and Two-Photon Magnetoabsorption Transition Assignments

NDesignation Energy-level Polarization
transition

K3  a-(O) - ac(l) r

K4 b-(O) -~bc(l) crL

KS a+(O) ~- ac(2) cL

Li a+(-) - aC(O) a

L2 b(2) - bc(O) a

L3 a(4) - ac(2) crL

L 4O e2 r

L 5 a_____-_a__3)___
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Table Ill. Low Temperature Magneto-Optical Derived Values of E,(x).

Various magneto-optical techniques used include (1) IMA - interband
magnetoabsorption, (2) ESR - electron spin resonance, (3) CCCPR - cyclotron,

combined and cyclotron phonon resonances, (4) four-photon mixing, and
(5) TPMA - two-photon magnetoabsorption.

x value E5 (meV) Magneto-Optical Reference Comments
Technique Used

0 -299.7 ± 0.5 IMA Dobrowolska et al (1978) a 8K

0.01 -285 IMA Guldner et al (1977a,b) at 4K
0.025 -261
0.05 -207
0.105 -110
0.115 - 90

0.15 - 30

0.185 35
0.215 86
0.25 161
0.28 208

0.193 56 ESR McCombe et al (1970) a- 4K

0.203 64 ± 3 CCCPR McCombe et al (1970) at 4K

0.234 119 FOUR PHOTON Bridges et al (1979) at 4K
MIXING (ESR)

0.239 122 ± 1 TPMA Present work at 2-10K
0.259 ± 0.0015 158.5 ± 1
0.277 ± 0.001 195 ± 1
0.300 ± 0.0035 224 ± 2
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TABLE IV

Summary of Impurity/Defect levels for HgCdTe

Year Technique Type X-value E1 (meV) E2 (meV) E3 (meV) E 4 (meV) Reference

(shallow) (Eg/ 4 ) (Eg/ 2 ) ( 3 Eg/ 4 )

1972 HalI,PL p 0.26 15,16 - - - Elliott (21)

0.31 22,- - - -

0.33 18,13 - - -

0.34 19,10 - - -

1979 Lifetime,PL n 0.3 18 70 - - Andrukhiv (22)

1980 DLTS p 0.21 - - 35,43 - Polla (23)

1980 AS diode 0.22 - - 46 - Polla (24)

0.31 - - 160 -

1980 PL n 0.32 14 ± 1.5 - - - Hunter (25)

0.48 4.5 ± 2,

15.5 _2

1981 DLTS p 0.21 - 43 - - Jones (26)

0.39 - 118 283 -

1981 DLTS, p 0.207 - 37,44 - Polla (27)

AS 0.21 i - 35,46 -

0.271 - 70,81 -

0.285 - - 81,92 -

0.305 - 161 208

0.320 - - - 206,218

1981 DLTS p 0.215 - - 35.43 - Polla (28)

0.305 - - - 181,208

0.320 - - - 206,218

1981 Lifetime p 0.215 - - 56 - Polla (29)

0.220 - 37 - -

0.326 - - 150 -

0.386 - - 230 -

0.390 - - 248 -

1981 PL n 0.3 10 - - - Gelmont (30)
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Year Technique Type X-value E, (meV) E2 (meV) E3 (meV) E4 (meV) Reference

(shallow) (Eg/ 4 ) (Eg/ 2 ) ( 3 Eg/ 4 )

1982 DLTS n 0.27 - - 136 Jones (31)

p 0.39 - 70 150

1982 PL n 0.32 14 ± I - - Hunter (32)

0.48 15.5 2 - - -

1983 Lifetime n 0.307 - - - 223 Pratt (33)

0.332 - - - 271

0.344 - - - 284

0.352 12 - - -

0.335 30 - - -

1983 DLTS p 0.48 - 140 200 230 Merilainen (34)

1984 PL p 0.320 - - .4 Eg - Polla (35)

n 0.340 - - 4E -

1985 EPR p 0.3 10 50 - Jones (36)

1985 Lifetime p 0.215 15 - - Schacham (37)

0.225 15 -

0.29 20 -

1985 DLTS n .3 - 79 120 172 Cotton (38)

1986 Halldata p 0.22 5,12.5 - - - Finkman (39)

1986 PhotoHall p 0.224 7 - Eg/ 2  - Bartoli (40)

1986 Lifetime n 0.230 10 ± 2 - - - Pratt (41)

0.234 - - 65±5 -

0.245 - - - 124

0.31 - - - 200,232

0.32 - - - 233,253

0.33 15 5 70±7 - -

1986 Halldata p 0.22 It - - - Chen (42)

1987 Lifetime p 0.24 - - - 92 Lacklison (43)

1987 Halldata p 0.2 11.5 - - - Chen (44)

1988 MOS n 0.23 10 - - - Seiler(45,46)

0-25 9.8 - - -

0.28 - - 94,100 -
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New method of characterizing majority and minority carriers In
semiconductors
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Texas 76203

C. L. Littler
Central Research Laboratories, Texas Instruments Inc.. Dallas. Texas 75265

(Received 13 July 1987; accepted for publication 5 October 1987)

A novel characterization method using magnetoconducti'vity tensor components to determine
the carrier concentration and mobility of majority and minority carriers is presented. Results
are given for bulk n-HgCdTe (one carrier), liquid phase epitaxial n-1 tgCd Ie ttwo carriers),
and p-lnSb (two or three carriers). Advantages of this method over the standard Hall
coefficient analysis are discussed.

Advances in the improvement and application of new conductors.' However, as shown by Pfeffer and Zawadzki
semiconducting materials (the use of HgCdTe in infrared for lnSb at room temperature, the variational mobility cal-
detectors, for example) have necessitated an increased inter- culation for optic phonon scattering gives almost the same
est in the properties of minority carriers. Although Hall co- result as the RTA. As the temperature is lowered, the RTA
efficient (R,) and magnetoresistance measurements have becomes progressively less and less valid, but also the optic
historically been used to characterize semiconductors by de- phonon contribution to the mobility becomes less important.
termining the carrier concentration (n), mobility ( u), and For example, at 77 K and an electron concentration of 10"
relaxation time (r) of the majority carriers, the form of the cm- 3, the experimental mobility of electrons in n-[nSb is 105
multicarrier Hall coefficient makes detailed information cm 2/V s, (Ref. 8) while the optic phonon contributton is
about minority carriers difficult to obtain. In this letter, we 1.5 X 106 cm 2/V s.9 The elastic modes of scattering by ion-
show that the complete magnetic field dependence of the ized impurity and acoustic phonons can be treated by RTA.
magnetoconductivity provides more information than the Thus, within the above approximations, the calculated indi-
traditional R, measurement and analysis, allowing us to vidual relaxation times have physical meaning.
determine n, p. and r for all carriers. Magnetoconductivity Note that a, is positive for all carriers, while a,, will be
tensor components. which have the distinct advantage of negative for electron conduction and positive for hole con-
being additive in the case of more than one carrier, have duction. Because of the differences in sign, we choose to fit
previously been used to characterize metals." - We demon- a,, data, as differen.:es in types of carriers become obvious
strate the power and ease of this method through application upon plotting the experimental data. For a,,. the maximum
to bulk n-type Hg, ,Cd,Te (one carrier conduction), n- value occurs when H = H, and is proportional to n, (a
type liquid phase epitaxial (LPE) HgCdTe (two carriers), = n,e/2H, ). Because of the simple algebraic form of Eq.
and p-type InSb (two-carrier conduction at low tempera- (Ib) and the ease with which partial derivatives are taken,
tures and three-carrier conduction at temperatures = 125- any nonlinear least-squares fit is sufficient for fitting Eq.
140 K). (Ib) to the experimental a,, data as determined from the

The solution of the Boltzmann equation using a relaxa- right-hand side of Eq. (Ib).
tion time approximation (RTA) has been detailed by Beer Figure 1 shows a, vs In H at 77 K for a bulk n-type
and others. ' By finding the current density in terms of the Hg, ,Cd, Te sample, grown by the solid-state recrystalliza-
electric field, the conductivity tensor may be identified. For a tion method (x = 0.23). The negative values of a,_ indicate
sample in the standard Hall configuration (H = 11), the that conduction occurs by electrons. From the form of Eq.
conductivity tensor components may be written: ( Ib), whereM = 1. weseethat the (M.) coordinatedescrih-

1 n eIH, a) ing the peak of the curve corresponds to the pair
, T-,_-1 Ht +e H2a,, =p4, +R H z 2

, H H (Ia)

R, I neH -05N.Hgi,CdTe
r- === I1 _ 0.b) T=77K

p2_ +R , H+H"-2.0

where p,, and R, are the standard measured quantities of -T7

transverse magnetoresistance and Hall coefficient, respec-
tively, M is the number of carrier types, the critical magnetic s -5.0

field H, i/p, = m*/r,e, in which y, and r, are average

quantities.7 n, is the concentration of carriers of type i and -6.5
e < 0 for electrons. The applicability of the relaxation time .e.0I
approximation (RTA) to our mobility considerations might t0-2 10. 100 10' 102

be questioned, since optical phonon scattering (inherently MAGNETIC FIELD (kG)

inelastic) is one of the dominant modes in compound semi- FIG. I a., vs in H for n-type HgCdTe at 77 K
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gram. Using a standard nonlinear least-squares fit to Eq. MAGNETIC FIELD (kG)
(lb), we fird n = 8.31 ( ±t 0.11) x 1014cm- and/u = 1.08 FG .Cmas.iu t il .cfc.i~i. , lt .rp')~IkI.

S0 r . .s T vaoustemraturea) K( 125K.c 4 K. (d 250K No h
± :t0.68)×x10 -

1 s. The Hall coefficient (at B = I kG) sensitivity of the a,, plot to smnall changes in temperature
yields n = 8.832 1014 cm - ,  = l.07x 10s cm 2/V s, and
r = 6.08 10- 1 sin good agreement. do standard lil coefficient plots An exarple of tis is etn

Figures 2(a) and 2(b) show a ,t vs in H for alp-type iFig 3 where the ",, plots are clpared ith heir corre-

lnSbsampleat 8K. Figure 2(a) isan attempt toflitthedata sponditg Hll coefficienst plots for a p-lnSh sample tor
with a heavy-hole term only. Note that while the fit around T = 8-250 K. The -,, cur-se at 8 K idicates hutt there ,tr.
the peak is satisfactory, the fit undercuts the data at low both light holes atd heasv hole Xn 10 di0,cu,,,,cd pr.-
magnetic fields. In Fig. 2(b), both heavy- and light-hole car- viously. In addition to the light a14d heavv holes alread. pres-
rier terms are included in order to accurately describe the ent. electronic contributions to conduction are apparent as
data. By decomposing the fit into its constituent light- and g,. takes on negative values at low fields at 125 K Not that
heavy-hole termsand identifying the peakcoordinatesn.p. the small concentrations of electrons present (pot -he order
and r may be determined for each type of carrier. Table I of 1 ' cm - ) relative to the concentration of heavy holes
summarizes the numerical data found from both fits. In or- present (on theForderof 10') are much more apparent is the
der to calculate r, the following effective mass values were a, curve than in the correspondisg Hall plot. At 130 K. a
used: m*(light holes) = O.O5mu and m*(heavy temperature change of only 5 K. the a,, curve has changed
holes) = 0.45m. 0  Because the terms in the magnetocon- noticeably in both the height and critical magnetic field of
ductivity are additive, 2, plots yield much more informa- the electron peak. Because of the large concttetratton of
tion in the complex situations often encountered in the labo- heavy holes and relatively small change in concentration of
ratory in terms of concentrations and types of carriers than

TABLE Ic Summary of numerical data found by one-carter and twocar- .n %
er fits oy,, data for p-type nSb at 8 K to Eq. ( Ib) 3 0 T= i40K

Fig. 2(a) Fig. 2(b) z 15
One-carrier fit Two-carrier lit 1'

Light ptcm ') 2 82) ± 006):,< I0'" - ., // -holes p(cm
2

V a) data ± 046) the

u(s) 4ole1 = 0.01 I and m e .o,

Heavy ptcm- ') 4,23( ±0.09)X 10" 4.28( ±005)×10O" '. I-holes) ptcm'/Vs) 181( ±O.36)Bc10s 1.48 ±001}×10' -30 in t ....... n in tal gd

rlt 46)± .2 0''37)±001N1 ~10-2 10-1 t00 t01 102 103
r~s) 4.6( ::0.9)X1 

' 
37q(±00}X1 

;
MAGNETIC FIELD (kG)

Standard .2Ox S0
-

r 4n57 0o-

deviation FIG.4. Three-carrer fit of a,, data for p-type InS at 12. K. Data taken at

SfitFrancis Bitter National Magnet Lab
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TABLE 11. Numerical data obtained by a three-carrier fit of a., data for p-type I nSb at 140 K

Electrons Heavy holes Light holes

nlm .44( ± 0.02) X 10" 1.75( ±0.02) x t0" 1.50t 1.49) x 10"

,u(cm /V s) 2.18( ± 0.28) x 10' 2.52( -- 0.05) x 10' 1. 14( +0.69) X I0

r(s) 5.57( + 0.72) X 10 -6.44) 40 13) x 10 ~ 2.91( ~-1.76)> xI10

electrons, the Hall coefficient curve is not significantly method to an epitaxially grown n-type LPE H1g, ,Cd, Te
changed. At 250 K, the conduction is mainly due to elec- sample (x O.23) at 15 K. This sample exhibited anomalous
trons as shown by the one carrier band fit. Overall, the o , transport properties, i.e., a low mobility at low temperatures
components, which can be easily decomposed, are much and peaks in both the Hall coefficient and mobility versus
more illustrative in their description of transport properties temperature data. Figure 5(a) show% ati attempt to describe
than corresponding Hall coefficient plots. the o,_ data using one carrier (electron), as would he expect-

Because of the low mobility of the predominant heavy ed for n-type conduction. It is seen that the conductton
holes, peaks in the o,,, plots are not always possible to ob- mechanisms in this sample are more complicated, as evt-
serve with low magnetic fields, thus making quantitative fit- denced by the inability of the one-carrier model to adequate-
ting difficult. Figure 4 shows the results of high field inea- INy describe the o,,, data. Subsequent attempts using com-
surements made at the Francis Bitter National Magnet bined electron and hole conduction to describe the data were
Laboratory on a p-type InSb sample at 140 K that quantita- equally unsuccessful. Figure 5(b) shows, however, that the
tively demonstrates the sensitivity of our techtique. In this data can be satisfactorily explained by using two electrons of
sample, we are able to quatntitatively characterize light vastly different mohility and concentration. These values are
holes. heavy holes. and electrons. Numerical values are sum- given in the caption of Fig. 5. We note that two-electroit
marized in Table 1I. In calculatung r-, we have used m* conduction has been previously reported by Finkman and

(light holes) = 0.0O1 m,. m* (heavy holes) =.45m, and Nemirovsky in bulk nr-type HgCdTe.'' In additton, a pre-

m*(electrons) =OOip'n.. .. We find that the value obtained vious study' 2 on LPE HgCdTe invoked a model of p-type

through the fit for the concentra !on and mobility of light inclusions in an n-type matrix to describe the anomalous

holes is very reasonable compared to the number and mobil- carrier transport properties. However, our o,,, data show no

ity of the heavy holes present. evidence of holes contributing to conduction in these anoma-
Figures 5(a) and 5(b) sho v the application of this lous samples.

Because of its simplicity and sensitivity to minority car-
3.5.. riers. vve predict that magnetoconductivity tetnsor a ital% sts

LPE n - Hg CdTe x=0.23 will join Hall coeftcient and rnagnetorc-istailccanal sis AS
10- T 15K (a) standard characterization tool in the senticotiduct or iIttds.

* try, applicable not only to bulk materials, but also to thtn
films and the new generations of artificially structure matert-

.40- als.
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Determination of minority-carrier lifetimes in p-type narrow band-gap
semiconductors with two-photon absorption excitation

M. R. Loloee, D. G. Seiler,a and G. B. Ward
Center for Applied Quantum Electronics, Department of Physics. Unwersity of North Texas. Denton.
Texas 76203

j(Received 14 July 1988; accepted for publication 22 September 1988)

A novel method for the direct experimental determination of true minority-carrier (electron)
lifetimes in p-type narrow band-gap semiconductors is presented. Specific results are given for
p-lnSb showing recombination involving a deep level close to midgap as the dominant
recombination mechanism.

The minority-carrier lifetime is an important critical pa- is also applicable to analyzing and studying photoexcited
rameter in controlling the performance of infrared photode- carriers under laser excitation conditions. This permits the
tectors based on narrow gap semiconductors like InSb or extraction of true minority-carrier lifetimes in p-type semi-
Hg, - Cd,Te alloys. In many cases, the minority-carrier conductors as opposed to the often ambiguous results ob-
lifetime r is limited by deep levels of impurities or defects or tained by photoconductivity techniques.
traps that are present in the material, and hence a measure- The samples used were cut from bulk grown p-type InSb
ment of the temperature dependence of r gives information having a concentration of 1.7 x l0"' cm -' and a Hall mobil-
about these levels. Determinations of i- usually rely on pho- ity of 1.2 x 1(0 cm2/V s at 77 K. The resistivity and Hall
toconductivity decay measurements and lasers with photon contacts were made in a standard configuration to simulta-
energies greater than the band gap of the material [e.g., neously measure both the photoconductive (PC) and photo-
GaAs diode lasers (A = 0.9/am) or a HeNe laser (A = 3.39 Hall (PH) responses. CO, laser pulses were obtained from a
/um) I.'-' Unfortunately, the photoconductive decay can be rotating mirror Q-switch arrangement that could provide
complex showing multistage behavior leading to difficulties high intensities (up to 500 kW/cm') and had full width at
in extracting a true value for -r. Also, the large photon ener- half maximum pulse widths of ;a 98 ns. The laser pulses were
gies used means that surface effects can play a dominant and focused onto the region of the sample between the potential
misleading role. In this letter, we show how to overcome contacts and a separate pair of Hall contacts. The magneto-
these difficulties by using (1) a new method-the magneto- photoconductive and photo-Hall transient responses were
photoconductivity (MPC) tensor component method and captured by a Tektronix transient digitizer. Time-resolved
(2) two-photon absorption (TPA) techniques. Results for PC measurements were taken in order to compare with the
high quality samples of p-InSb are reported here (electrons results obtained from MPC study. The PC response for dif-
are the minority carriers) and are in reasonable agreement ferent temperatures is shown in Fig. I for A = 9.25/pm and
with earlier photoelectromagnetic effect studies."-  I = 50 kW/cm2 . The PC response has a single exponential

We have recently reported the development of a novel decay for 30 < T < 100 K and two stages of decay at T < 30 K
characterization method to determine the carrier concentra- or T> 100 K. At 9.25 pm (2fw. = 267.9 meV). TPA effects
tion and mobility of majority and minority carriers in multi- occur at all temperatures since 24w > E., the energy gap;
carrier systems using magnetoconductivity tensor (MCT) however, the recombination mechanisms controlling the PC
components.' The magnetoconductivity tensor components response are very complex, as seen in Fig. 1. In Fig. 2 we
may be written as:

2, = n - " eIH (la) __0

P. +R H2  H,  +H 2

an d -T O

RH Md neH &

where p., and R, are the standard measured quantities of
transverse magnetoresistance and Hall coefficient, respec- g
tively, M is the number of carrier types, H, = l/p, = mr-,e 12; 

is the critical magnetic field in which ;, and r, are average
quantities, and n, is the concentration of carriers of type
i(e < 0 for electrons). Although this method was applied to i%'.o . . . ..

multicarrier analysis of dark thermal equilibrium carriers, it 0 .. t 3 . .

FIG. I. Temperature dependence of the ac photoconductive response ob-
Current address: National Institute of Standards and Technology, Mate- tamed for A = 9.25 jm and I - 50 kW/cm'. The waveforms have two
nals Technology Group. Semiconductor Electronics Ivision. Center for stages of decay for r< 30 K and r> 110 K. The dashed line represents the
Electronics and Elecncal Engineering, Gaithersburg, MD 20899. laser pulse.
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- a data on individual carrier concentrations and mobilities. Fc

I. 0.1 , "  77 and 100 K, only heavy holes and light holes are present,
8 0.1 IG a. I k 

}  while for T= 135 K, thepresenceofasfewas5.3× 10'' crr'
'a; .0, P ! .O. 1-040 minority-carrier electrons (thermally excited across th

P" RSo_----- ....................10 
,  band gap) can be seen. For T = 160 K, 2.6 x 10" cm'intnn.

.. .................... sic electrons thermally excited across the gap totally domi-
. ~ nate the transport at low magnetic fields.

= s ) 1' 3 a Laser excitation with a CO, laser pulse (A = 9.25 um
5.10 , ' ' creates a uniform distribution of electron-hole pairs by TPA

u processes. Minority-carrier electrons can thus be observe'
P" 5.20 and studied. (Note that for T> 50 K. TPA occurs over th

,. 9-10 pm range.) Figure 4 shows the results of our TPA
$0.60. ~ photoexcitation studies. The T = 50 K plots of a,, versus

o. 0.90 ,.0 2,70 160 ,so 5.40 0.00 0,2 1.80 2.10 3.60 4.50 40 magnetic field in Fig. 4(a) show four sets of data with the(
111- i=) T,- (M,) retical curves: ( 1 ) in the dark, at a time before the laser puls

FIG. 2. Time-resolved dc PH and PC responses ror T = 100 K. (a) and (b) is incident on the sample, (2) at the peak of the signal, 325 ns
showthePHresponseatB=O.1andIkO, whereas(c)and(d)showthe after the start of the laser pulse, (3) 435 ns after, and (4) 51
similarity of the PH response at B = 10 kO with the PC response at B = 0. ns after. The peak of the signal occurs at the end of the last

pulse. Figures 4(b) and 4(c) are the results of nonlinear
show that at low magnetic field strengths the PH response least-squares fitting in which we find, in the dark,
behaves differently from the PC response and thus contains p(heavy) = 1.2x 10' cm ' with p = 2.2x 10' cm'/V
additional information about recombination mechanisms, if andp(light) = 1. 1 x 102 cm - 'with/p = 1.7 x 10' cm'/V
it can be properly analyzed. In Figs. 2(a) and 2(b) the dc Under irradiation of intensity I = 50 kW/cm2, the number
PH response is plotted for B = 0.1 and I kG. Note that for of photoexcited electron minority carriers is n = 3.7 x 10'
this low field region, the PH response has negative values cm- 3 with p = 1.6x 10' cm'/V s. These novel measur
over part of the waveform when the laser pulse is incident on ments and analysis thus provide directly the number of pho-
the sample. Since Rf > 0 implies hole domination and R, toexcited minority carriers (electrons in the conduction
< 0 electron domination, the switch over from positive R, band) An as a function oftime. In Fig. 5 we show the numb(
values in the dark to negative R, values (as seen by the of photoexcited electrons An versus time for T = 100 an
negative Hall voltages) when laser light is incident on the 160 K by using the MPC technique. Note that the technique
sample implies photoexcited electrons are observed. Figures is extremely sensitive to the number of minority-carrier ele,
2(c) and 2(d) show the similarity of the PH response at trons = 4.5 x 10"' cm I photoexcited electrons on a ba6
B = 10 kG and the PC response, respectively, where no neg- ground of 1.7 X 10" cm 'holes at T = 100K. For compari-
ative voltage (photoexcited electron contribution) was ob- son purposes, we also plot the time variation of the PC re-
served in the PH response. In order to unravel this complex sponse which ossesses a single-stage decay for T = 100 1
behavior, we now show how the MCT component method and a two-stage decay for T= 160 K. This semilog plot a.
can be used to great advantage. The dark o,, data in Fig. 3 lows the extraction of an electron lifetime r, = 88 ns at
were obtained for four different temperatures by our recent- T = 100, which is much shorter than the lifetime implied b
ly reported method.9 By using a standard nonlinear least- the PC response. At T= 160 K, r. = 356 ns and the tin'
squares fitting method with Eq. ( I b), we are able to separate dependence of the photoexcited minority-carrier concentra-
multicarrier components as well as collecting numerical tion follows the first (short) stage of the PC response. We

21 2401 1
6 16&0 .' 2.or .0 (

OGrt T I T1360.6 - 1.60 'AD .4.320 1.60

isL. A -V "'"s D
'* ~~~ ~ ~ l (a42'090 nS" 12

0 .34 am , 4.0 . I0 ,
.1.10.40

..... ...... 
32W44

11,6

-Ii I 0.60- anu 0041W

-21.1ir3 1 0 ice lei 10-2 10-1 Ica lt ja2

I10 II i it 0 ,0 t iO 
I 

0I too to , 1 03 I 10 P tOt

UA0E1MIC PEo fia FIG. 4. (a) Time-resolved u., data for T= 50 K showing the creation
photoexcted electrons in the conduction band via TPA processes. (

FIG. 3. a,, vs In H plots in thedark for vanous temperatures: (a) 77 K, (b) Dark. (2) 32 ns after the start of'the laser pulse, (3) 43 ns after and (4)
110 K. (c) 135 K, and (d) 160 K. The sensitivty o the o., component to 515 ns after. (b) and (c) show two-carrier lts of a,, data i the dark and
small chanses in temperature is readily apperent in the Bgures. 325 ns after the start of the laser pulse. I
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1O14-- temperature can be explained by a Shockley-Read lifetime
dependence as"'

" I~t.. upc.tp¢s~ltp.c.ong(o + nsR (Pi. + (2)
i=% 

-P. + 5 , ( 2

" PC.. Response " where r,,, = (C,,N,) 'and -,, = (C>N,) '.N, is the trap
density, C,, and C, are the electron and the hole capture
d i , acp101_J coefficient, respectively, n, and p, are the carrier concentra-

I ' .tions for a Fermi level coincident with the trap level and
defined as

10710
aoo 0 o. 120 1.0 2.40 3.00 3.0 n, = n,, exp[ (E, - Ef)/kT], (3a)

T"e (pPt) p, =p fexp[ (E- - E,)/kT 1. (3b)
FIG. 5. Time dependence of minority electron concentration (An) ob- In the simple case where po0 ),o>n,, rp., > r,, p, >p,, and
tained by the MPC technique forT I= 10and 160 K. For comparison pur- small S 6 one can write'12poses, solid lines show the actual PC response for each temperature. s l P

Po)/
also note that the magnitude of the PC response is much If the Fermi level falls below the level of the trap (at low
larger at 100 K than at 160 K. At 100 K, the PC response is temperatures), the lifetime is constant and equal to r,.
dominated by impurity/defect absorption which creates However, for E,> E,, the lifetime increases exponentially
only holes, which have a long lifetime. The presence of the with increasing temperature. The energy of the Shockley-
much smaller quantity of minority-carrier electrons pro- Read defect level extracted from the data using Eq. (4), is
duced by TPA processes can only be detected by the much 106 meV above the valence band for a midgap level which
more sensitive MPC method presented here. At 160 K, in- agrees closely with the results tabulated by Seiler and Good-
purity/defect absorption no longer dominates, An= Ap, p win in Table .i In the absence of the trap level,
).,,, and hence the first-stage decay of the PC response is rMc = r, = r,,, but the experimental inequality of rMC
due to the decrease in the number of minority-carrier elec- and r ,p for T< 160 K in Fig. 6 indicates that the analysis of
trons, in agreement with the MPC method. For both cases at the PC response cannot provide detailed information about
long times, all minority-carrier electrons are trapped, and minority-carrier electrons in p-type semiconductors.
the PC response is then controlled by hole recombination. In summary, we have shown that the magnetophoto-

Comparison of the temperature dependence of the mi- conductivity tensor component method is appropriate for
nonty-carrier lifetime obtained from the MPC method and studying minority-carrier lifetimes and determining carrier
the lifetime obtained from the first-decay stage of the PC concentrations and mobilities of minority and majority car-
response is shown in Fig. 6. Assuming a single defect level in riers in narrow gap semiconductors. Use of different lasers
the energy gap, the minority-carrier lifetime dependence on will, of course. allow wider band-gap semiconductors also to

be investigated by this method. Our future work will concen-
trate on samples of Hg, C d, Te.
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NEW LASER-BASED MAGNETO-OPTICAL STUDIES OF Hg ,CdTe ALLOYS*
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Several magneto-optical effects are observed for the first time in a
number of Hg, - CdTe alloys. These include two-photon magneto-
absorption and optical transitions from both shallow acceptor levels
and midgap levels to the conduction band. These effects yield accurate
information about the energy band structure, the temperature depen-
dence of the energy gap. and the activation energies of impurity and
defect states present in the Hg, _,CdTe alloys.

DETECTORS fabricated using mercury cadmium previously reported. The laser based magneto-optical
telluride (Hg_,Cd,Te) alloys serve as extremely techniques we present here for Hg, -,Cd,Te are generic
important components of modern infrared systems. and can easily be applied to other semiconductor or
Improvements in the sensitivity and performance of superlattice systems by using an appropriate combi-
these detectors require a better understanding of the nation of laser sources and magnetic fields.
detector material's optical and electronic properties. The experiments reported here were carried out
along with improved sample characterization tech- on single crystal, bulk grown n-type samples of
niques. Specifically. information about the energy Hg , ,Cd,Te with x = 0.236. 0.256 and 0.280. All
band structure and impurity or defect levels present samples were polished, etched, and had indium con-
in Hgn-,Cd,Te is essential to understanding and tacts. They showed the normal temperature depen-
improving the performance of current infrared detec- dence of the Hall coefficient and resistivity The output
tors. Consequently, it is highly desirable to develop of a grating tunable cw CO, laser was mechanicall
and use new, sensitive techniques to aid in the charac- chopped into 20/us wide pulses which were focused
terization of these alloys, onto the samples mounted in a superconducting mag-

In this paper we present new and important results net in a transverse magnetoresistance geometry.
on Hg, - ,CdTe alloys using CO, laser-based mag- Photoconductivity (PC) measurements were used
neto-optical methods that include: (I) the first obser- since they have been shown (1-4] to provide a sensiti'e
vation and analysis of two-photon magneto absorption means of determining small changes in absorption due
(TPMA) spectra; (2) the first observation of magneto- to weak magneto-optical transitions. Boxcar a% erager
optical transitions of electrons from both midgap techniques were used to record the PC response of the
levels and shallow acceptor levels to the conduction samples vs magnetic field. An example of the PC
band; and (3) the first observation of magneto-impurity spectra for several wavelengths is shown in Fig. I for
spectra. In addition, analysis of two-photon spectra a sample with x = 0.236. All of the observed resonant
obtained at low temperatures reveals a nonlinear structure can be understood by a Landau-level and
variation of the energy gap versus temperature not density-of-states model where peaks in the density-of-

states occur at energies corresponding to the bottom

of each Landau level. These peaks enhance the optical
Work at UNT supported in part by the U.S. Army transition rates or the electron scattering rates. Optic-
Night Vision and Electro-Optics Center. Contract ally created electrons in the conduction band then
# DAA B07-87-C-F094.
Present address: National Institute of Standards and increase the conductivity or photoconductive response
Technology. Semiconductor Electronics Division, of the samples. Four different types of structure are
Gaithersburg. Maryland 20899, USA. observed depending upon which combination of laser
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MAGNETIC FIELD (kG)

0 '%/ Fig. 2. Fan chart plots of either one-photon thi.I or
0X 10.60/ two-photon (2hw) transition energies vs magnetic field

for three Hg,_,Cd,Te samples of different x-%alues.
All lines represent theoretical calculations from a

S 10.20 modified Pidgeon-Brown band model. The three pairs
9.62o of transitions in the upper half arise from two-photon

9.69 , \ ' absorption where L, represents an a- ( - l ) to an a II )
and L, a b- 1) to a b'(I) transition, Here a. b deno:e

MAGNETIC FIELD oG) different spin states of the Landau levels, the super-
script (+) denotes a (light) hole state, and the super-

Fig. 1. Magneto optical spectra at various CO., laser script c, a conduction band Landau level. In addition
wavelengths and magnetic fields in a sample of to the OPA and TPA transition energies shown, the
Hg, _,CdTe with x = 0.236. At high fields and long transition energies vs magnetic field for shallow
wavelengths TPMA resonant structure is seen. At impurity-to-conduction and midgap level-to-conduc-
lower fields and lower wavelengths both one-photon tion band transitions are shown. The activation
magnetoabsorption (short arrows) and a much energies determined from the zero-field intercepts are
broader resonance (longer arrows) due to transitions 9.8 meV above the valence band for the shallow accep-
from a shallow acceptor level to the conduction band tor level present in the x t 0.24 sample and 94 and
are seen. Additional structure seen for ;. = 9.29pm, 100meV below the conduction band for the x 1 0.28
whose resonant positions do not depend upon photon sample.
energy, arises from the magneto-impurity effect.

resonance (bound excitons produce a much narro% er
wavelength, magnetic field, and laser intensity is used. linewidth than do free excitonsl. We also note that the
First. at high magnetic fields, long wavelengths, and binding energy deduced from these experiments for
high intensities, two strong PC resonances are the residual acceptor level in this n-type sample is
observed. We have identified these resonances as consistent with that of either As [5], Cu [6, 7] or Sb [8]
resulting from specific two-photon interband transi- residual impurities previously determined in p-t~pe
tions from initial valence band Landau levels to final samples. A major significance of the work presented
conduction band Landau levels. Secondly, at shorter here is that it pro% ides a new means ofdetermining the
CO., wavelengths, smaller magnetic fields, and low presence of compensating shallow acceptors in i-t\ pe
laser intensities, one-photon interband transitions are material. Finally. at low fields, shorter wavelengths.
seei as indicated by the short upward pointing arrows and high intensities a new set of structure which is
in Fig. I. Just to the high field side of the largest periodic in reciprocal magnetic field and wshich does
one-photon absorption (OPA) peak is a broad reson- not depend upon laser wavelength is obserxed. This i,
ance indicated by the long arrows. We identify this seen in Fig. I on the low field side of the Iarc OPA
structure as resulting from electron transitions from a peak for / - 9.291im. We attribute this structure to
shallow acceptor to the lowest conduction band magneto-impurity resonances [9] which arise from
Landau level. The temperature dependence and time- inelastic scattering processes whereb. frcc c:;rriers
resolved behavior of the PC response support this resonantly exchange energy with a second carrier
identification, as does the binding energy of 9.8 meV bound to a donor or acceptor impurit\ in the presence
determined from the photon energy dependence of a magnetic field. Hot-electron condition, are
presented in Fig. 2. We rule out bound excitons as a necessary for this obscrvation and these conditions are
source of this resonance because the large width of the achieved by the photoexcitation of carriers into the
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conduction band by optical excitation across the band
gap. X 0.26 I

Theoretical calculations of transition energies vs T7K

field, shown in Fig. 2 for each magneto-optical effect
discussed. are in excellent agreement with the data.
The Landau level energies were calculated using a
modified Pidgeon-Brown model and the set of band o 10. 10.91

parameters given by Weiler [10]: E, = 19eV. A =
I eV. ;=3.3. ,= 0.1. ,. 0.9, K = -0.8. " 919 ---

F -0.8. q = 0.0. and N, = 0.0. Using either one >
or two-photon selection rules the transition energies M a ,10.48

can be calculated for the pertinent OPA and TPA Z -
0

transitions. The value of E, is easily determined by U -
fitting theoretical results to the data using E, as an " 10.61

adjustable parameter. Weiler has shown [101 that exci-
ton corrections are necessary to adequately describe 10.81

OPA data in Hg, -, CdTe. Since exciton corrections
are not expected to be significant for TPA, we sought xzo.2-
a consistent description of both the TPA and OPA T=7K 4

data while correcting only the OPA data for excitonic 20 40 60 o 100 120

effects. By using a free exciton binding energy of MAGNETIC FIELD (kG)
2 meV, satisfactory agreement with the OPA data was Fig. 3. Magneto-optical spectra in two samples of
achieved. Hg, Cd,Te with x z 0.26 and x : 0.28 showing

Two-photon magneto-optical methods are the TPA structure (short arrows) and midgap lexel to
best means for accurately determining the energy gap conduction hand transitions (long arrows).
of a semiconductor. For example, the high quality of
the TPMA data shown in Fig. I and the corresponding Landau level were calculated and plotted in Fig. 2.
analysis gives E, = 121.8 + 0.5meV. Using the yielding activation energies of 100meV and 94meV
Hansen. Schmit, Casselman relation [11] and this below the conduction band edge.
value for E. we find r = 0.2360 -4- 0.0003 for this In summary, we report the first observations and
sample. With this means to accurately determine E,. analysis of several different types of magneto-optical
we have measured the temperature dependence of E, tansitions in samples of Hg, CdTe. These transi-
and found a nonlinear variation of E, with T below tions arise from (I) TPMA processes, (2) shallow%
15 K. with E, becoming independent of T. acceptor to conduction band absorption. (3) midgap

We have observed TPA structure in a wide variety defect or impurity levels to conduction band absorp-
of samples with other x-values and even in p-type tion. This is the first time that these magneto-optical
samples. Figure 3 shows results for samples with effects have been observed and studied in Hg, Cd Te
X 2 0.26 and x 2 0.28. The same two dominant alloys. In addition, magneto-impuritN oscillations
TPA peaks seen in the x _ 0.24 sample are also have been observed. The techniques presented here are
characteristic features of the spectra. Once again accurate. conxenient to use. and could be developed
theoretical calculations of 21ho vs B accurately describe into routine tools for not onl characterizing bulk
these data as seen also in Fig. 2 with E, = 155meV samplesofHg, ,CdTe. but thin films and superlatices
and E, = 195 meV for the two samples. In addition, as "ell. These magneto-optical methods are completel.
polarization studies have been performed on the genera!. ind with appropriate choices of laser sources
samples. verifying the a, selection rule dependence of and magnetic fields. can be used to stud\ , %kide
this structure and thus confirming the TPA interpreta- \ariety of semiconductor materials.
tion. Finally, a new feature is seen for xZ: 0.28 sample
- at higher fields two new resonances occur which REFERENCES
can not theoretically be described by TPA processes.
We interpret these resonances as resulting from electron I. D.G. Seiler. M.W. Goodwin & M.H. \eilcr.

transitions to the conduction band from midgap Phv. Rev. B23, 6806 (19811.
M.W. Goodwin. D.G. Seiler & M.H. Weiler.impurity or defect levels known to be present in Phys. R&'-. B25, 6300 (082). i

samples of Hg, ,CdTe [121. Electron transitions 3. D.G. Seiler& M.W. Goodwin. J.4ppI Phi, 53.
from the midgap levels to the lowest conduction band 7505 (19,2).
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In this paper we present new and important results on Hg, ,Cd,Te alloys using CO, laser-based
magneto-optical methods that irclude (i) the observation and analysis of two-photon
magnetoabsorption spectra in a variety of samples from x =0.24 to 0.30, and (ii) the observation
of magneto-optical transitions of electrons from both midgap levels and shallow acceptor levels to
the conduction-band Landau levels. These measurements allow the most accurate determination
of the energy gap and binding energies associated with impurities and defects. In addition,
analysis of the temperature dependence of two-photon spectra obtained on all samples
investigated reveals a nonlinear variation of the energy gap versus temperature not previously
reported. The temperature depende'nce of the energy gap below 100 K cannot be explained by any
of the currently used empirical relationships. The laser-based magneto-optical techniques we
present here for Hg, _ CdTe are generic and can easily be applied to other semiconductor or
superlattice systems by using an appropriate combination of laser sources and magnetic fields.

I. INTRODUCTION AND BACKGROUND spectra are observed and studied in various n-type samples

Mercurv cadmium tellunde (Hg, -Cd, Te) detectors serve (from x =0.24 to 0.30) and a p-type sample (x 0.30). The
TPMA results provide the most accurate values of the fun-tector systems. Improvements in sensitivity and perfor- damental energy gap, allowing the first observation of the

mance require a better understanding of the alloy's optical "flattening" of E, vs T at temperatures less than 20 K in
and electronic properties. along with improved sample char- Hg, Cd. Te alloys, a phenomenon observed in most semi-

actenzation techniques. New information about the energy- conductors.
band structure and impurity or defect levels present in The detection and identification of impurities or defects in
Hg, - Cd, Te is therefore essential to understanding and im- semiconductor materials has long been a topic of technologi-
proving the performance of current infrared detectors along cal importance. Of particular interest is their location within
with the development of future novel devices. Consequently, the forbidden energy gap region. Magneto-optical measure-
it is highly desirable to develop and use new, sensitive tech- ments have proven capable of loceting both shallow3 and
niques such as the magneto-optical ones reported here to aid deep' levels in n- or p-type InSb. We demonstrate in this
in the characterization of these alloys, paper that magneto-optical measurements can also be used

Over the past several decades magneto-optical studies of to detect and locate shallow and deep levels in Hg, -, Cd, Te
semiconduc'tors have proven capable of accurately deter- alloys. Observation of one-photon and/or two-photon inter-
mining energy-band parameters and impurity level informa- band transitions aids in the identification of these levels.
tion because of the optical transitions that occur between
magnetically quantized electronic or impurity states. The 11. EXPERIMENTAL WORK
use of lasers has now opened up the realm of nonlinear spec- The measurements reported here were carried out on sin-
troscopy as a useful method for studying and characterizing gle-crystal samples of Hg, , Cd, Te grown by solid-state re-
semiconductors. Two-photon absorption (TPA) is one of crystallization. A summary ofthe sample properties is given
the numerous nonlinear optical effects arising from y,, the in Table I. The samples were rectangular slabs z 8 - I X 0.2
electric susceptibility tensor of the third order. In a previous rm, whose surfaies were lapped using alumina grit and then
study,: : we have shown that two-photon absorption tech- chem-mechanically polished using a 2% bromine-methanol
niques can be used to determine TPA cutoff wavelengths and solution. Electrical contacts were made to the samples using
carrier lifetimes for samples of n-Hg ,Cd,Te with pure indium. The samples were elcctncally characterized
x 0.3 1. In this paper we report extensive nonlinear mag- prior to the magneto-optical measurements and showed the
neto-optical results on Hg, , Cd, Te alloys using TPA tech- normal temperature dependence of the Hall coefficient and
niques. Resonant two-photon magnetoabsorption (TPMA) resistivity.

170 J. Vac. Scl. Technol. A 7 (2), Mar/Apr 1989 0734-2101189/020370-07$01.00 c 1989 American Vacuum Society 370
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TABLE 1. Sample properties and magneto-optical results

Manufacturer nominal Impurity or defect
properties TPA data levels observed

Sample n(77 K) p (77 K) E, (meVj
No. (cm ) (cmi/Vs) X at7K X

I 14 , l1 .6 x 10' 0.2406 122.0 0 2364 Residual acceptor
-0.001 -- 05 - 01003 9.8 meV above

valence-band edge.
2 3.3 x 10" 8.2 X 104 02450 136.0 0.2448 Re,dual acceptor

-00017 -05 -0.0003 10 4 meV above

•alence-band edge
3 2.8 x l10

4  
1.2x 10' . 146.0 02508

-0.5 -0.0003
4 l.oX 10l 7.6x 10' 0.2595 156.0 0.2567

-0.0015 - 0.5 - 0.0003
5 1.4 , 10" 6.6x 10' 0,277 1950 0.2801 Two closely spaced

- 0.001 - 0 5 - 00003 midgap levels seen

at 94 and 100 meV

below conduction-band

edge.
6 9.9> loll 5.3x 10' 0.2995 225.0 0 2976

_0.0035 -0.5 -0.0003
p type

1.5 .. lol 480 0.2945 222.0 0.2964
-0.0035 - 1.0 - 0.0006

Figure l is a schematic diagram of the experimental appa- light was parallel to the magnetic field, while the samples
ratus used for the magneto-optical studies presented here. were mounted in a transverse magnetoresistance geometry
The output of a grating tunable cw CO, laser was mechani- with Bf1 ( I ll) crystal direction. The photoconductive (PC)
cally chopped into 20-Ms-wide pulses with a low duty cycle to response of the samples versus magnetic field, obtained un-
prevent lattice heating effects. A zero-order waveplate was der constant current, Ohmic conditions, was monitored us-
used to produce circularly polarized light and experimental- ing a boxcar averager. The resulting magneto-optical spectra
ly confirm the selection rule dependence of the observed were then recorded on an x-y recorder.
two-photon magneto-optical resonances. The laser light was
focused onto a sample placed in the solenoid of a supercon- III. RESULTS AND ANALYSIS
ducting magnet capable of producing dc magnetic fields as Figure 2 shows the PC response of sample 2 fbi several
high as 120 kG. The direction of propagation of the laser CO, laser wavelengths. Several absorption resonances are

Minicomputer
A

el[150 Wcw CO 2 Lae

Trigger .
(H Ne Laser) U Polarizer ,

I PMaizr Eectrnica Clia er
r

Current Suy Fi. 1. Schematic diagram of magneto-opticalCexperimental 
apparatus.Superconducting

+e (From Sample Hall
Boxcar Aver or Resistance Contacts

andior
Oscilloscope Sample

andior Differential Amp
Loc-r A e Band Amp HP Spectrum Analyzer

and/or l.B ad-p
Programmable x v "ecorder

Digitizer XMiecomuter
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1 T , I I I I 1 2 r17 L3  _ ,

952L2
9521- 240 L

976 , 210

979

LU '~-~' ~180~
- Eg=136.0 _-0.5 m eV

Z-150 T 7K

W FIG. 2. Wavelength depend- 0120[0 0 12

> ence of the photoconductive re-

- sponse for an n-type sample 2 MAGNETIC FIELD (kG)
with x0.24s. The two large FIG. 4. Transition energy vs magnetic field for sample 2 fx=0.245). The

Sresonanc at high field arsemeV.

o from two-photon absorption
U processes. Unpolarized light
0-I was used.

1 awhere hw is the photon energy of the laser, E '-(n,,B) repre-
0.. sents the energies of the conduction-band Landau levels in

different spin states a or b, E 'b(n.,B) represents the ener-1 021'10 35 gies of the valence-band Landau levels, n is the Landau level

046 number, B is the magnetic field, and the zero of energy is at
the top of the valence band. The TPMA spherical selection

7Z = -rules are An = 0, + 2 where An is the change in Landau< 0 81 level quantum number for a given transition.
A strong selection rule dependence of the TPMA transi-

I I tions was experimentally found using left circularly polar-
0 20 40 60 80 100 120 ized (or,) and right circularly polarized (o, ) laser light as

MAGNETIC FIELD (kG) shown in Fig. 3. Two-photon absorption is strongest for

An = + 2 using left circularly polarized light. According to
clearly resolved in the spectra. We identify the structure as second-order perturbation theory, the TPA transition pro-
ansing from two-photon absorption between specific va- babilities are proportional to the product of two matrix ele-
lence-band Landau levels and conduction-band Landau lev- ments. In the"intra-inter band" scenario, one matrix ele-
els. A modified Pidgeon-Brown energy-band model was ment represents an intraband transition, while the other, an
used to calculate the energies for the two-photon or impuri- interband one. Thus the strong resonances for crL polariza-
ty/defect transitions observed. The transition energies for tion are not unexpected since the strongest intraband mamrx
TPMA are given by element would be for the crL or cyclotron resonance active

2fw= E .(n,.B) - Ea, (no,B), case.

TABLE 11. Two-photon magnetoabsorption transition asstgnments.

2 Energy-level

0,1 .62 4 m Designation transition Polanzation

Lr, a 0 - I-'(0l) a or ,r
U.'

Z L, b'( - ll-.bl(1 a,
0-
U it, b '(0) - b(0) ,ior it

. i-( 2, a 2 - a ' ( 2 ) a no i t
0 \r (2) - b'(2) or or .r
X It. b 1162 ni

C O, a' (1) -a'(1) a,

0 20 40 60 80 100 120 a -a( a1o"
itq a 131-a'(3) antri

MAGNETIC FIELD (kG) IN a (31-'(3) a,
L, b' (0) -b'(2) a

L, a (2)1-a'(2) a,
Fi(, I Polari/tii n depcntlence of the photoconductive response for sam- L, b (2) -b 12 )
ple 2
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Figure 4 shows a comparison of theoretically calculated 180

and experimentally determined two-photon transition ener- Sample #1
gies versus magnetic field B. Various possible TPMA transi- 170 F EXP. Values
tions are given in Table II along with the polarization needed - HSC
for their observation, and symbols designating these transi- .1 -

tions. Hereafter we shall use the designations given in Table E
II to describe the transitions. We obtain excellent agreement

(3 150-between theory and experiment using Weiler's7 set of energy
band parameters: E= 19.0 eV, A = 1.0 eV, y, = 3.3, y2
=0.l, 3 =0.9, F= -0.8, q=0, N, =0, andK= -0.8. W 140

The energy gap extracted from Fig. 4 for this sample was Eg

= 136.0 + 0.5 meV, which yields x = 0.2448 using the 130

Hansen, Schmit, and Casselman' (HSC) relation. We see
from Fig. 4 that TPMA provides a very accurate means for 120
measuring the energy gap of Hg , _ Cd. Te; the two stron- 0 20 40 60 80 100 120 140 160

gest transitions L, and L2 are well described by the theoreti- Temperature (K)

cal model. As a result, we have studied the temperature de- FIG. 6. Energy gap vs temperature for sample I (x O 236) Note the flat-
pendenceofEg for a variety ofx-value samples. An example tening at low temperatures.

of the temperature dependence of the TPMA spectra for
sample I is shown in Fig. 5. We see that the magnetic field Figure 5 also shows one-photon magnetoabsorption
positions of the two strong TPMA resonances are relatively (OPMA) spectra at lower magnetic fields obtained with
independent of temperature from 2 to 15 K, and shift to I = 9.33,um. These data also show directly that the OPMA
lower magnetic field at higher temperatures. These data resonance positions are independent of temperature below
were analyzed using the Pidgeon-Brown energy-band mod- _ 15 K, indicating that the Eg vs T dependence becomes
el by adjusting only the value of E, in order to fit the TPMA independent of temperature. A more detailed calculation
transition energy versus magnetic field positions. The and analysis of this OPMA data using a modified Pidgeon-
TPMA results for the energy gap dependence on tempera- Brown energy-band model and one-photon selection rules to
ture are shown in Fig. 6, and compared to the predictions of calculate the one-photon transition energies gives quantita-
HSC.' We see that the energy gap data are relatively inde- tive agreement with the TPMA results presented in Fig. 6.
pendent of temperature between 2 and 15 K, increase more The wavelength dependence of the TPMA structure for
rapidly than predicted from the HSC relation between 20 to sample I is shown in Fig. 7. As seen for sample 2 (Fig. 2),
100 K, and finally above 100 K have a slope that can be two strong resonances at high fields are clearly observed and
explained by the HSC relation. are related to crL transitions L, and L,. The wavelength

independent structure is ascribed to magnetoimpunty reson-
--- ances resulting from inelastic scattering processes involving

OPA , TPA the TPA produced carriers. A similar sort of wavelength
X=9.334ml *\=10.61pm / independent structure can also be seen for one-photon exci-
T=5K K T=2K tation conditions as shown in Fig. 8 for shorter wavelengths

W /and lower magnetic fields. In both cases these magnetoim-
o0 purity resonances arise from inelastic scattering processes

whereby free carriers resonantly exchange energy with a sec-I /\ r ond carrier bound to a donor or acceptor impurity in the

- 15 /,, / presence of a magnetic field. Hot-electron conditions are
,lO- 20 necessary for the observation of these resonances, which are

22l~~~ ~ 4) "0!-\ 0/ ./ tion band by optical excitation (either one or two photon)

across the band gap. Two other resonances are also seen in
S ' \/ \ / Fig. 8: one-photon magnetoabsorption resonances are indi-

0 7 I.cated by the short arrows and a broad absorption peak by the
CL long arrow. In the case of the broad peak, the temperature

30\ 105 dependence and time-resolved behavior of the PC response
"-.. 135/ indicate that this absorption peak results from electron tran-

f-... \ \ sitions from a shallow acceptor or Hg vacancy level to the
0 '20 30 40 5060 7080 9010011 lowest conduction-band Landau level, as does the activation[RG 34 0energy of 9.8' 2 meV extracted from the calculations pre-sented in Fig. 9. This activation energy is consistent with

Fli 5 Temperature dependence of the photoconductive respon e ofsample both shallow acceptor impurities and the low est Hg vacancy
I (xzO23h) level 0 inHg ,CdTe. Figure 9 also shows a comparison of

J. Vac. Scl. Technol. A, Vol. 7, No. 2, Mar/Apr 1989

--I n m-m B l l



374 Selle et &L: Nonlinear magneto-opticel spectroscopy of Hg,.CdTo 374

/, 1A i 11.02pm 201L

Eg 12 2.0 .5 meV 7 l

10.91'

k: 15O OPA OPA
z Acceptor Impurity

M :
10.79 FIG. 7. Photoconductive re-

U.; sponse at high laser intensities

0 - for sample I (x=0.236). The 0 30 60 90 120
a'10.68 arrow shows how a TPMA res-MANTCFED(G

w - onance shifts with photon ener-
1060- gy Note unusual. wavelength FiG. 9. Transition energy vs magnetic field showing one-photon OPA;.

Uj1-0independent structure ob- two-photon (TPA). and acceptor impurity behavior for sample I. The x
served for A =10.34-10.79 value is obtained from the Hansen, Schmit, Casselman relation (Ref. j) at

D ot 7 K using the TPMA determined gap.

0

I-
01 ~theoretical calculations for the TPM4A (L, and L. struc-
a., ture) and OPMA transitions versus magnetic field with the
10.34 ~ ~ data all obtained on sample 1. Excellent agreement between

theory and data is clearly seen for both the TPMA and
OPMA results. Since exciton corrections have been shown

> 10.20 previously' to be necessary to describe OPMA data in
HgCdTe and are not significant for TPMA, we obtained a

0 20 40 60 80 100 120 consistent description of both sets of data by using a free
MAGNETIC FIELD (kG) exciton binding energy of 2 meV to describe the OPMA data.

Figure 10 shows the wavelength dependence of the PC
response for sample 5. Again, the two strong OL resonances
shown earlier for samples I and 2 are seen. In addition, at
higher fields, weaker and broader resonances are seen which
cannot theoretically be described by TPM4A processes. In-
stead, we interpret these resonances as resulting from elec-

One -Photon * ''tron transitions from near-mid-gap levels to the lowest con-

=9.29vn ,9.19'4

.jHigh (A -

z Additmb InenW t FIG. 8. Intensity dependence of ~ 0 .2
0 (Lo , 10.48'CL Stuciwe the photoconductive response (A .~ -,

U)for sample I showing three wU
c" types ofstructure oshort ar- U.A1

W , rows denote one-photon mag. 101
S /netoabsorption resonances, Io61

9.3 (it) long arrows. acceptor level U
to lowest conduction-band

0 Landau level, and (m) the ad- z

Uditional, high-intensity sirue- 0 10.81
P. lure attributed to magnetoim- 0

0I'
Xpurity resonances. -. -

0. 0 X 02
9.55) /Z X .8ST=7K

/ /20 40 _6b080 10120
916gMGEI ED(G

MANTCFED(G

10' 203 40 50 60 70 FtIG, 10. Wavelength dependence oft te photoconducti% e response for vam-

MAGNEniC FIELD (kG) PIe 5 lx~z 2 801
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I2701 .. . 1 - L I "  
L6 L5 L4  

L3 L2  L,

o t 280 Eg 22-.0----0.---e

240 TPA7i210-E

i 0 Eg =195.0 t 0.5 meV

150, T =7K

0 1 - 36 54 72 90

ciMidgap Levels MAGNETIC FIELD (kG)
0 . . .. . .30 60 90 120 FIG,. 13. Transition energy, s magnetic field for sam ple 6 tz ,030 ): The

MAGNETIC FIELD (kG) band gap is determined to be 225.0 meV

FIG. I1. Transition energy vs magnetic field showing two-photon (TPA)
and midgap level transitions for sample 5 xz0.280) er TPMA resonances are also seen at lower fields and are

also attributed to transitions with selection rules associated
with the o,, polarization. Figure 13 shows the transition en-

duction-band Landau level. The transition energy versus ergy data and theoretical calculations giving good agree-
magnetic field plots shown in Fig. II show excellent agree- ment with E, = 225.0 - 0.5 meV. TPMA spectra have also
ment between the experimental data and the calculated tran- been seen in ap-type sample with x = 0.30 that look quantita-
sition energies. confirming the TPMA and midgap level in- tively the same as the data shown in Fig. 12 for n-type sam-
terpretation of the data. An energy gap of 195.0 ± 0.5 meV is pies.
found, along with activation energies of 94 and 100 meV
below the conduction-band edge for the two midgap levels. IV. SUMMARY
For the activation energy calculations, the transition ener- Two-photon magnetoabsorption structure has been ob-
gies for the one-photon midgap case are described by served and studied in a wide vanety ofsamples ofboth m- and
ku = E, (0,B) - E, where E, is the energy ofa midgap level p-type HgCdTe. Our studies demonstrate the uvpqueness

above the valence band. As B -0, E, (0,B) -E, and hence and importance of TPMA methods as tools to charactenze
Aw,- E, - E, the B = 0 intercept. HgCdTe. For example, we have accurately determined the

Finally, in Fig. 12, we show the photoconductive response temperature dependence of the band gap and found distinct
of sample 6 for various CO, laser wavelengths using left deviations from the Hansen, Schmit. Casselman relation
circular polarized light at. Once again, two strong at with dE. /dT-0 below 20 K.
TPMA transitions are observed as in the other samples. Oth- Finally, these laser-based studies have allowed the obser-

vation of impurity (or defect) -to-conduction-band transi-
tions from midgap levels and transitions from shallow accep-
tors to the conduction band.
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We have observed and described magneto-optical transitions between impurity/defect levels and
conduction band Landau levels for a variety of n-type HgCdTe samples with 0.2 < x < 0.3. The
activation energies of these levels fall into two categories: ( I ) 10-12 meV above the valence band
edge, independent of E, and (2) two close spaced levels at =0.5 E,. In addition, the spectra of
several narrow gap (Eg < 100 meV) samples exhibit shallower and deeper acceptor-like levels.

I. INTRODUCTION pies, cut into rectangular slabs=8x I x0.2 mm,' were

The ternary compound semiconductor mercury cadmium lapped using alumina grit and chem-mechanically polished

telluride (MCT) has been, for the last two decades, the ma- using a 2% bromine-methanol solution. Contacts were made

terial of choice for use in infrared detection systems. Since to the sample using pure indium. A schematic diagram of the

impurities and defects, even in low concentrations, are experimental apparatus has been presented in a previous pa-

usually responsible for limiting detector performance, it is per."5 The output of a grating tunable cw CO, laser was

desirable to develop and use sensitive techniques for the de- focused onto samples placed in a 12 T superconducting mag-

tection of these "flaws" or imperfections. Specifically, de- net/variable temperature dewar system. The magneto-opti-

tailed information about the energy band structure and the cal spectra were obtained by monitoring the photoconduc-

levels created by the presence of impurities and defects is tive response of each sample using boxcar averaging

crucial to understanding and improving the performance of techniques and recording the results on an x-y recorder. In

current infrared detectors. In order to characterize impuri- order to verify the origin of all observed magneto-optical

ties and defects present in a semiconductor, one prefers a resonances, a zero-order waveplate and a zero phase-shift

technique that is sensitive, rapid. and straightforward to an- mirror were used as the final two optical elements outside

alyze. In the past, a variety of techniques--deep level tran- the dewar. These items provided the left- and right-circular

sient spectroscopy (DLTS), thermally stimulated current light polarization used in our experiments. Unless otherwise

(TSC), diode pulse recovery, etc.-have been used to study indicated, circularly polarized light was used to study the

impurities and defects in MCT. -26 In addition, a need has impurity/defect magneto-optical transitions.

been expressed" for characterization techniques that can
identify different electrically active shallow-level impurities Ill. RESULTS AND DISCUSSION
and optical techniques that can be used to identify these The origin of both the two-photon and impurity/defect
centers. These techniques would then provide a means to level magneto-optical transitions can be understood qualita-
guide future development of MCT growth. tively by the simplified Landau-level model schematically

In this paper we employ magneto-optics to detect the pres- presented in Fig. I. The two-photon magnetoabsorption
ence of impurities and defects in samples of MCT with (TPMA) transitions are indicated by the solid arrows and
0.215<x<1.300. These techniques have already been used the impurity/defect-to-conduction band transitions are in-
with considerable success to detect and study both shallow2 7  dicated by the dashed arrows. Resonant absorption occurs
and deep21"' levels in n- and p-type InSb. We show that whenever the energy separation between these Landau levels
these magneto-optical methods can be used to detect the equals the energy prescribed by the particular absorption
presence of shallow compensating acceptors in alloys of phenomena. For the two-photon interband transitions, mag-
MCT as well as near midgap impurity/defect levels in the neto-optical resonances will occur whenever 24w is equal to
same material. Thus, magneto-optical methods provide a the energy difference between particular valence and con-
powerful tool for the study of impurity and defect levels in duction band Landau levels, in accordance with appropriate
MCT. selection rules. A sketch of the resulting magneto-optical

spectra is shown in the middle of Fig. I. If, however, the
II. EXPERIMENTAL WORK initial state of the magneto-optical transition is a level or

The samples used in this study were grown by solid-state state within the forbidden energy gap, then a different mag-
recrystallization and the traveling heater method. The sam- neto-optical spectra will be seen. These resonances will oc-
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Fia. 2- Polarization dependence of the TPMA and impunty/defect trans-
tions. The impurity resonances can be seen for both polarizations, while the

-+= TPMA structure obeys two-photon selection rules.

FiG. I Schematic repreaentation of the origin of TPMA and impurity/
defect-to-band resonant magneto-optical spectra. The two-photon transi- field than the impurity/defect transitions I and 2, and some
tions are represented by the solid arrows and the impurity transitions by the features of I and 2 appear for both polarizations. Since impu-
dashed lines. It is shown that each absorption process has its own asociated rity/defect levels are of mixed s and p character, they should
spectra and can thus be so identified. show no dependence on selection rules. Thus, by the use of

circular polarization, we are able to separate out the contri-
butions to the magneto-optical spectra from each absorption

cur only when A is equal to the energy separation between process mentioned above.
the impurity/defect level and the conduction band Landau Two-photon interband and impurity-to-band magneto-
levels, following no particular selection rule. Thus, each ab- optical spectra for an n-type sample with x = 0.296 (Sample
sorption process possesses its own characteristic spectra and No. 9) is shown in Fig. 3. The wavelength dependence of the
thus can be so identified. photoconductive response, obtained at 5 K, is shown in or-

An example of the TPMA and impurity/defect magneto- der of decreasing wavelength or increasing photon energy.
optical spectra obtained for left-circularly polarized (rL) The downward-pointing arrows, labeled by the transition
and right-circularly polarized light (a,) is shown in Fig. 2 assignments L,, L2, etc., indicate magneto-optical reson-
for sanple No. 8. For UL we see two strong TPMA reson- ances arising from two-photon magneto-absorption
ances labeled by the solid arrows L, and L2. The two broader (TPMA), reported earlier.5-1 6 A legend for the TPMA
absorption peaks, labeled I and 2, are ascribed to electron transitions is given in Table I. At higher magnetic fields,
transitions from two closely spaced impurity/defect levels beyond the last orL TPMA resonance, we see two broader
located at approximately midgap to the lowest-lying con- absorption peaks, indicated by the upward-pointing arrows.
duction band Landau level. Preliminary results on both of We ascnbe these magneto-optical resonances to electron
these effects have been reported earlier. " '26 The magnetic transitions from two closely spaced impurity/defect levels
field positions of all arrows indicate the theoretically expect- located at approximately midgap to the lowest-lying con-
ed positions of both the TPMA and the impurity/defect re- duction band Landau level.
sonances. How these positions are calculated will be dis- Figure 4 shows a comparison of theoretically calculated
cussed later. Upon changing the polarization to oa, we see and experimentally determined transition energies for both
that the strong aL transitions disappear, being replaced with the two-photon and midgap level transitions. A modified
weaker TPMA resonances labeled by R,-R,. It should be Pidgeon-Brown energy band model" was sed to calculate
noted that R, and R, are more widely spaced in magnetic the energies of both the two-photon and impurity/defect

J. Vac. Sc. Techno:. A, Vol. 8, No. 2, Mar/Apr 1900
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22 o TPA Eg =222 meV

0, 101 Deep Levels W 210- T =5K
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wSample #9 ;: 80
,T=5K i

~4 TM 150-
TPA . Midgap Levels 2

0- 120 1

a- L

1 MAGNETIC FIELD (T)
LL

L L4F3 R 4 Transition energy %s magnetic hield for sample No. The labels1
9.22 5. and 2 refer to the near midgap Ic' el-to-band transitions E, - a 0 and

EF -- t 0). where Eand E areI11.5 and II bmeVaoe thealene and
edge. respectively

0 2 4 6 8 10 12

MAGNETIC FIELD (T)
at the zero-field valence band edge. Note that as B-0,

Ftc, 3wavelength dependence for the photoconductise response for sam- 2&o - E,,. Thus, the value of energy gap can be obtained by
ple 'so ) (x =0,2)1, show.ing both TPMA resonant structure and that fitting the two-photon data using E, as an adjustable param-
aosing from impurity /defect-to-band transitions The transition assign- eter. The F':ne method of analysis can be used for one-pho-
ments for the resonances labeled L,-L, are given in Table [ ton magneto-absorption (OPMA) data, by substituting Aco

for 2?1k and adding the appropriate exciton correction. In a
magetooptca trnsiios osered Th trnstio enr- previous study- 5 which compared OPMA and TPMA data

g e o -p tica e tr nitin ob sevdyh ra sto nr obtained on the same sample. we found that it is sufficient to
giesforTPMAaregive byadd an exciton correction of 2 meV for samples with

-fi Eb (n,,B) - E 5 (n, .B), EI) = 100 meV.

where fx, is the laser photon energy, E, "( n,.,B) represents For each sample discussed in this paper, either TPMA or
the energies of the conduction band Landau levels of spin a OPMA was measured and the energy gap extracted. The
or b, E,-(n, ,B) represents the energies of the valence band energy gaps were then used to reference the activation ener-
Landau levels, n is the Landau level quantum number, B is gies of the impurity and defect levels. The transition energies
the magnetic field strength, and the zero of energy is defined of the midgap level transitions are

Aw= E b (n,,B) - E, (2)

TABLE I One- and two-photon magnetoabsorption transition assignments. where E, is the activation energy of the midgap level, as
_______________________________________ referenced to the valence band edge. Note that as B-0,

Energy-level A-,- E,. The theoretical transition energies shown in
Designation transition Polanzarton Fig. 4 were calculated using Weiler's' 2 set of energy band

K, a' 1) -'(0)parameters in the modified Pigeon-Brown scheme:
Kb* - I)-b'(0l J EP = 19.0 eV, % = 1 .0 eV, ,= 3.3. y2 = 0.1, y, = 0. 9,

K a'(0)-a'(1)ll K= -0.8, F= -0.8, q=0.0, and N, =0.0. From the
K. b * 0) .b() c TPMA data for sample No. 9, we obtain a value of
K, a'11) -a'(121 aL 222.0 + 0.5 meV for the energy gap of this sample. The anal-

L, *( - I) -a'( IiU C ysis of the impurity/defect level data yields activation ener-
Lb 1( - 1)l-b'(1) C7L gies oflIl1. 5 meV and 116.0OmeV for the two closely spaced
L4b(0) -. '(2) midgap levels. It is currently believed that these midgap
La'(1)-a'(3) states result from the formation of cation vacancy, anion
L b (1) -bl(3) Ciimpurity complex"
Ra 121-a'(0 101t These near-midgap levels are also seen to be present in the
R!b (2)-b'(0) C lower x-value samples of MICT. However, for the magnetic
R, a 131-a'(1)

b (31 _b'(l1)f fields and photon energies used, these midgap transitions are
a 1 41 -a' 121)a superimposed on the TPMA background, as shown in Fig. 5

for sample No. 6 (x =0.246). At the highest fields we see

J. Vac. Sdi. Technol. A, Vol. 8, No. 2, Mar/ Apr 1990
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Sample 06TPA
T=7K T L= 5K

1 =9.55pm A

K 12
K3

uJ X=10.4 w1 3Y
Z Z0 0,

3 M
LF >> 3

10.200
ZL3U 10.49

0 0
Xt

0Q
X 1 2

3 9.8310.69

4
20 2 4 6 8 10 12

_____________________MAGNETIC FIELD MT

0 2 4 6 8 10- 1 2
MAGNETIC FIELD (T) FIG. 7. Wavelength dependence for the photoconductive response for sam-

pie No. 3 (x =0.225), showing both QPMA resonant structure labeled K,
FIG. 5. Wavelength dependence for the photoconductive response for Sam- Ks and that arising from shallow acceptor impurity-to-conduction band
pie No. 6 (x = 0.2461. showing both TPMA resonant structure and that tranlsitionls labeled 1.
arising from impurity/defect-to-band transitions. The labels 1-5 refer to the
transitions 1: E 2 -a' (0),2: E, - a'(0) 3: E, - b'(0),4 E, - Y (0). and 5:
Es -b' (0), where E, E2 and E3 are 63. 68 . and 20 meV above the valence LO, L , and L, These resonances are indicated by the up-
band edge, respectively ward-pointing arrows labeled 1-5. In addition, these weak

resonances appear for both trL and a, light polarizations,
the trog TMA esoancs lbele byL, 2, nd , A th whereas the two-photon resonances show a strong polariza-loeromagnei fiedsa resonances arele see whic Lado n t tion dependence due to TPMA selection rules (see Fig. 3 ofloe antoc theld excte naes ore TPMA trait onst Ref. 25). The analysts of the magneto-optical data shown incorrespond tthexetdvlefoth PAtasins Fig. 5 is given in Fig. 6. From the TPMA results, an energy
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gap of 136.0 meV is determined. Fron the remaining reson- tion assignment No. 5) yield an activation energy of 20.0
ances, we extract activation energies of 63 meV and 68 meV meV for E,
above the VBE for E, and E2. In addition, analysis of a reso- The results for a very narrow gap sample are shown in Fig.
nance observed at lower fields (indicated in Fig. 6 by transi- 7. At low magnetic fields, resonant structure (labeled K, K,

TABLE 11. Summary of impurity/defect levels for HgCdTe. PL = photoluminescence, DLTS = deep level transient spectroscopy, AS = admittance spec-
troscopy, TSC = thermally stimulated current. MOS = magneto optical spectroscopy, EPR = electron paramagnetic resonance.

Type E (meV) E(meV) E(meV) E (meV)
Year Technique (dopant) x-value (shallow) (E 4/4) (E, 1/2) (3E, /4)

1972 Hall, PL p 0.26 15,16 ......... I
0 .33 18,13 ... ....

0.34 19.10 ... ...

1979 lifetime, PL n 0.3 18 70 ...... 2
1980 DLTS p 0.21 ...... 35,43 . 3
1980 AS diode 0.22 ... 46 ... 4

0.31 ...... 160 ...

1980 PL n 0.32 14 ± 1.5 ..... ... 5

p (Au) 0.48 4.5 + 2,
15.5 +2 ...

1981 DLTS p (Hg vac) 0.21 43 6

0.39 ' 118 283 ...

1981 DLTS. p (Hg vac) 0.207 ...... 37,44 --. 7
4S 0.215 "" 35,46 ...

0.271 ... 70.81
0.285 ... 81,92 ..

0.305 ." 161 208
0.320 ...... 206,218

1981 DLTS p (Hg vac) 0.215 ... 35,43 8-'
0.305 ...... ... 181,208
0.320 .... 206,218

1981 lifetime p (Hg vac) 0.215 ... 56 q
0.220 ... 37 ... ...

0.326 .... 150 .

0.386 ... 230
1981 PL 03 10 ....... 10
1982 DLTS n 0,27 ... 136 ... I I

p (Cu) 0.39 70 150
1982 PL n 0.32 14.-I ..... I2

0.48 15.54_2 .
1983 lifetime n 0.307 ..... 223 13

0332 271

0344 -- 284
0.352 12 ...

0.335 30 .
1983 DLIS p (Au) 048 140 200 230 14
1984 PL n 0 320 0 4EI

0.340 ... 04E
1985 EPR p(As) 0.3 10 50 ......IP
1985 lifetime p (Au) 0.215 15 .... 17

0.225 15
0.29 20

985 DLTS n 0.3 " 79 120 172 is
1986 Hall data p (Au) 0.22 5,12.5 19
1986 photoHall p (Cu.Hg V) 0.224 7 . E/2 ... 20
1986 lifetime n (Au,Si, 0.230 tO - 2 ... .21

CI.FeIn) 0245 ..... ... 124
0.31 ... .200,232
0.32 .... . 233.253
0.33 15±5 70+7 ...

1986 Hall data p (Cu) 0.22 II 22... .. 2
1987 lifetime p 0.24 .... 2 23
1987 Hall data p (Cu) 0.2 11 5 ... ... 24
1988 MOS n 0.23 10 25,26

0.25 98
0.28 ... 94.100

J. Vac. Set. Technol. A, Vol. 8, No. 2. Mar/Apr 199



1138 Lntter, SegIer, and Loboe: Impurity and detect levels In HgCdTe alloys 1138

TABLE III. Sample properties and magneto-optical results

ni (77 K) u (77 K) E, (7 K) E (meV) E (meY) E (meV)
Sample (cm-') (cm 2/V s) 1meV) X value (shallow) (E, /4) (E, /21

I r= 5X l1" IX 10, 80.0 0.217 7'.0.
2 5x loll = I Xl0W 990 0.225 18,0. 26.0
3 3x 10" 1.5 X 10' 102.0 0.225 7.0
4 l.4X 104 l.6x 10" 122.0 0.239 9.8
5 2.8xl lol" 1,2X 10' 125.0 0.241 100.. 60.0
6 =5 X loll" I X 101 136.0 0.246 .... 63.0. 68.0
7 =5X 10" =IX lo' 136.0 0.246 10.2....

8 l.4X 10" 5.5X 10l 188.0 0.278 ..... 90.0, 94.0
9 3.5 X lo0l 4.3, x 10 222.0 0.296 ... . 111.5. 116.0

10 co 9x l0ll 5.3 x 10' 224.0 0.300..

K, etc.) due to OPMA are observed. The transition assign- I'C. T. Elliot. 1. Melngailis, T. C. Harman, and A. G. Foyt. J. Phys. Chem.
mnents are given in Table I. At magnetic fields beyond which Solids 33.,1527 2'972).

OPMA can be observed we see a weak magneto-optical reso- 2M. G. Andrukhiv, V. A. Maltseva, V 1. Ivanoy-Omskii, V. K. Ogoroani-

nancp oriairntina frnmv a verv lzhallow level. The analysis of kov. and T. S. Totieva. Soy. Phys. Semicond. 13,.210 (1979)
- 'D L. Polla and C. E. Jones, Solid State Comrnun. 36, 809 C(1980).the OPMA and shallow level are shown in Fig. 8. From the "D L. Polla and C. E. Jones, J. AppI. Phys. 51, 6233 1980).

OIPMA data we extract an energy gap of 104.0 meV at 5 K 'A. T. Hunter, D. L. Smith. and T. C. McGill, AppI. Phys. Lett. 37. 200
and the analysis of the shallow level data yields an activation (1980).

or binding energy of 7 meV. This level is somewhat more TC. E. Jones. V. Nair. and D. L. Polla, Appl. Phys. Lett. 39. 248 (1981).

shallow than the =10 meV level observed in our wider gap 'D. L. Polla and C. E. Jones. J. Appi. Phys. 52, 5118 (1981).
~D. L. Polla. M. B. Reine, andC. E. Jones,1. Appl. Phys. 52, 5132 (1981).

samples (see Table III), although levels this shallow have D0. L. Polla. S. P. Tobin. M. B. Retne, and A. K. Sood. J. AppI, Phys. 52.
been seen in p-type samples with similar x values (see also 5182 (19811.
Table II, Bartoli, 1986). "B. L. Gelmont. V. 1. Ivanov.Omskii, V. A. Maltseva and V. A. Smirnov.

A survey of past work on impurities and defects in Sov Phys.Semicond. 15, 638 ( 1981l).
Hg~de i gien n Tale I. histabe isnotmeat t be "C. E. Jones, V. Nair. J1. Lindquist, and D. L. Polla, J. Vac. Sci. Technol. 21.
Hg~de i gien n Tale I. histabe isnotmeat t be 187 (1982),

exhaustive, only representative of past work. From this ta- '-A. T. Hunter and T. C. McGill. J. Vac. Sci. Technol. 21, 205 (1Q82).
ble, several trends emerge: ( I) shallow acceptor-like levels "R. G. Pratt. J1. Hewett. P. Capper. C. L. Jones. and M. J. Quelch. J. AppI.
with activation energies between = 2and 20 meV are seen in Phys. 54. 5152 (1983).

most samples, (2' near midgap levels are also detected in "C. A. Merflainen and C. E. Jones, J. Vac. Sci. Technol. A 1,.1637 (1983).
mostsamlesand(3) her is vidnce or thid lvel t ". L. Polla and R. J. Aggarwal. AppI. Phys. Lett. 44. 775 (1984).mostsamlesand(3) her isevidncefor thrd lvelat "C. E. Jones. K. James, J. Merz. R. Braunstein. M. Hurd, M. Ectemadi. S.=3/4 E, above the valence band edge. The results of our Hutton. and J. Drumheller, J. Vac. Sci. Technol. A 3. 131 ( 1985).

magneto-optical studies, given in Table 111, are in agreement "S. E. Schachazn and E. Finkman. J. AppI. Phys. 57, 2001 (1985)
with these conclusions. Thus, magneto-optical methods pro- V. A. Cotton. J. A. Wilson. and C. E. Jones, J. AppI. Phys. 58. 2208

vides a direct, sensitive means of detecting the presence of (1985).

Impuitie an defctsin H~d~ allys."E. Finkinan and Y. Nemirovsky, J. Appl. Phys. 59. 1205 (1986).
'OF. 1. Bartoli. C. A. Hoffman, and J. R. Meyer. J. Vac. Sci. Technol. A 4.

IV. SUMMARY 2047 (1986).
R. G. Pratt. J. Hewett. P. Capper, C. L. Jones. and N. Judd. J. Appl. Phys.

Magneto-optical methods have been used to detect and 60. 2377 ( 1986).

study impuriy and defect levels in HgCdTe. We have ob- 2-M. C. Chen and J. A. Dodge, Solid-State Commun. 53. 449 (1986).

served and described magneto-optical transitions for a var- -'0. E. Lacklison and P. Capper, Semiconductor Sci. Technol. 2. 33
(1987).

iety of HgCdTc samples with 0.2 <x <0.3. The measure- -"M. C. Chen and J. H. Tregilgaa J. AppI. Phys. 61,787 (1987).
ments provide accurate values for the activation energies of 2'D. G. Seiler. C. L. Littler, M. R. Lololee. livd S. A. Milazzo, J. Vac.
the levels observed. These appear to fall into two categories: Technol. A 7. 370 (19891.

( 1) 10- 12 mtV above the valence band edge, independent of "
6D. G. Seiler. M. R. Loloe. S. A. Milazzo. A. J. Durkin, and C. L. Littler.

E,, and (2) two closely spaced levels at =0. 5 E,. In addi- ,Solid-State Commun. 69. 757 (1989).
C. L. Littler. D. G. Seiler, R. Kaplan, and R. J. Wagner. Phys. Rev. B 27.

tion, the spectra of several narrow gap (E,, 100 meV) sam- 7473 (1983).
ples exhibit shallower and deeper acceptor-like levels. The 2'D. G. Seiler and M. W Goodwin, J. AppI Phys 53. 7505 (1982).
results of these measurements show that magneto-optics is a -"C. L. Littler. D. G. Seiler, R. Kaplan, and R J. Wagner, App. Phys. Lett.

useful tool for the investigation of impurity and defect levels 41. 880 (1982).

in HgCdTe. 'D G. Seiler, K. H. Littler, and C. L. Littler. Semicond. Sci. Technol. 1,
383 (1986)
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Accurate determinations of the energy gap E, at liquid helium temperatures in alloys of
0.24<x<0.30 have been made by two-photon magnetoabsorption techniques. They ar. shown to
help verify the use of the Hansen-Schmit--Casselman (HSC) relation over the range 0 < x < 0.30
at these temperatures. In contrast, the observed temperature dependence of E. below 77 K is
nonlinear and thus cannot be described accurately by the HSC relation. Analysis of Eg (T) data
for three samples with 0.24<x<0.26 has allowed the deduction of a new relationship for E. (x, T)
that more properly accounts for the nonlinear temperature dependence below 77 K and the
linear behavior above 77 K, while still accurately describing the x dependence E, (x, T)
= - 0.302 + 1.93x + 5.35 1 - 2x)( 10-4)[( - 1822 + T3 )/(255.2 + T2 )] - 0.810x 2

+ 0.832x3, for E, in eV and Tin K. This relation should apply to alloys with 0.2 <x <0.3. The
maximum change from the HSC relation in this range is 0.004 eV for x = 0.2 at - 10 K.

I. INTRODUCTION fects. An example of the variability of defining E, from an
Infrared detectors fabricated from mercury cadmium telu- optical absorption measurement is (I) using the photon en-
ride (MCT or Hg, _ Cd. Te) alloys are extremely impor- ergy value2 at which a = 500 cm-', as opposed to (2) using
tant components of modern infrared systems. The primary the energy at the turning point where the sharply rising re-
parameter controlling the wavelength range for these intrin- gion of the absorption curve crosses the comparatively
sic detectors is the fundamental energy gap E, defined as the smooth region of intrinsic absorption (usually observed for
energy difference between the conduction and valence a = 3000-4000cm.- ) .'
bands. The exact value of E. depends quite critically upon Photoluminescence experiments have also proven diffi-
the value of the mole fraction of cadmium (x) and the lattice cult to perform in the smaller band gap materials. 2 Other
temperature T. Numerous studies have thus been carried out techniques used in the past to determine E, involve a mag-
by various authors over the last two decades to determine an netic field: the analysis of the Hall coefficient in the intrinsic
accurate empirical relationship E, (x, 7) that properly pre- region,' the determination of the electron effective mass
dicts how E, depends upon the mole fraction and the tem- (and then a calculation of E, from an E(k) dispersion rela-
perature.v- 1 Unfortunately, there is still considerable dis- tion) by the magnetophonon effect, 3 and magneto-optical
agreement among the many different authors and no methods based upon one-photon interband metnods,' '-'
universally accepted relationship for E, (x, T) exists. In this cyclotron resonance,"' electron spin resonance,"9 and com-
paper we resolve this controversy for 0<x<0.3 by using the bined- or cyclotron-phonon resonance.' 9 Nonlinear optical
results of two-photon magneto-optical measurements for methods using four-photon mixing2' and two-photon ab-
various values of x. In addition, the nonlinear temperature sorption (TPA) techniques with a CO, laser2 1

.
22 have also

dependence of E, observed at low temperatures (T< 77 K) been successfully used todetermineE,. Recently, it has been
is analyzed and incorporated into a new empirical relation- shown that TPA methods using a CO, laser can be used to
ship for E, (x,T). We note that the 8-12 and 3-5 pm wave- accurately determine E, for samples with 0.24<x,0.30 by
length regions are very important since the majority of MCT applying external magnetic fields.23"-'
infrared detectors are based upon material with xz0.2 and In this paper we will (1) show how two-photon magne-
xZ0.3. toabsorption (TPMA) methods are used to determine E,

The most frequent methods for determining the MCT en- (2) review magneto-optically obtained liquid helium tem-
ergy gap are based on either detector cutoff wavelength or perature data which, along with our new TPMA values for

A optical absorption cuton. However, the de~finition of the en- E., are used to confirm which empirical relationship for
ergy gap from these types of measurements is ambiguous. E,(x,T) most accurately fits the data for the region
The absorption edge is not infinitely sharp because of free 0<x<0.3, and (3) present and analyze the nonlinear vari-
carrier and phonon absorption along with band tailing ef- ation of E, with temperature to determine a new functional
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relationship that can be used to describe the observed tern- parison of these results with those obtained with a dc electro-
perature nonlinearities. magnet (0-2 T) calibrated with nuclear magnetic resonance

techniques allowed us to establish a 1% absolute field accu-
II. EXPERIMENTAL WORK racy.

The experiments reported here were carried out on single
crystal, bulk grown samples (both n- and p-type) with x III. RESULTS
values ranging from =0.24 to 0.30. All samples were pol- A. Determination of E, by TPMA techniques
ished, etched, and had contacts made with pure indium. A
summary of the sample properties is given in Table I. For In this section of the paper we illustrate how E, can be

samples # 3-5, the value of x and its uncertainty were sup- accurately determined from TPMA spectra. Figure I shows

plied by Cominco and are tied to x values determined by wet the PC response versus magnetic field for sample no. 2 for
various CO, laser wavelengths. As pointed out previous-chemist,-y." Sample #€ I was supplied by Honeywell with its 234

x value derived by infrared cutoff measurements, and sample ly,-' 4 the dominant TPMA structure for HgCdTe alloys

no. 2 was supplied by Texas Instruments. For sample no. 2 consists of two peaks in the PC response caused by two-

we have determined x by first measuring Eg and then using photon absorption betweer, specific valence band Landau

an E, (x, T) relationship.7 For the purpose of determining levels and conduction band Landau levels. The TPMA tran-

the x dependence of E,, sample no. 2 was not used since x sition energies can be written

was not independently measured. 2hw = E .b(n,,B) - E '(n,,B), (1)
The monochromatic output of a grating tunable contin- where Alw is the laser photon energy, E'b (n,,B)

uous wave (cw) CO, laser was focused onto a sample placed [E.'(n,.,B)] represents the energies of the conduction
in the solenoid of a superconducting magnet capable of pro- band [valence band] Landau levels in different spin states a
ducing dc magnetic fields as high as 12 T (or 120 kG). The or b as calculated by a modified Pidgeon-Brown band mod-
direction of propagation of the linearly polarized laser light el,6 n is the Landau level number, and B is the magnetic field.
was parallel to the magnetic field, while the samples were Polarization studies show that the two peaks arise for the left
mounted in a transverse magnetoresistance geometry. A circularly polarized TPMA transitions a ' ( - 1) -a'( I)
zero-order wave plate could be used to produce circularly [L, transition, at highest fields and n, = - 1, n, = + I]
polarized light. Lattice heating effects are important to and b I b' ( L, transition where the plus sign
eliminate since most of the sample properties are tempera-
ture dependent. This was accomplished in two ways: ( 1 ) the
laser beam was mechanically chopped into 20us wide pulses
with a low duty cycle ( < 1%), and (2) the beam was signifi- 7
cantly attenuated by a commercial attenuator. Photocon-
ductivity (PC) measurements were used to detect and re- /

cord the small changes in absorption due to weak
two-photon magneto-optical transitions. The resulting mag- , 9.47 ,
neto-optical spectra, obtained by boxcar-averaging tech- in
niques, were then recorded on an x-y recorder. 0

The sample temperature was measured using a calibrated \ulJ
carbon-glass resistor placed close to the sample. The accura- ,/
cy of the temperature measurements is estimated to be ± 0.5 
K t lew temperatures and about ± I to 2 K at higher tern- I-

peratures. The calibration constant of the superconducting Q /

magnet (tesla/amp) was verified by utilizing the Shubni- n 9
z

kov-de Haas (SdH) effect in GaSb samples. The SdH effect o .

is an oscillatory magnetoresistance effect which is periodic 0 10.10 /
0

in inverse magnetic field and is observable over the entireoa
0.

10.69/i
TABLE I. Sample electrical properties and x values.11,0/-. L \

Sample n (77 K) u(77 K)I
number (cm- ) (cm,/Vs) x value 0 20 40 60 80 100 120

I 1.4x 10" 1.6 x l0 0.239 MAGNETIC FIELD (kG)
2 2.8x X 0, 4  1.2x 10' 0.253
3 l.Ox 10l 7.6x 10' 0.259 - 0.0015 FiG. I. Photoconducive response of sample no. 2 (x = 0.253) for various
4. 1.4 x 10" 6.6 X 10' 0.277 0.001 CO, laser wavelengths at 7 K. The two large broad peaks. identified as L,
5 9.9 x 10" 5.3 x 10' 0.300 ± 0.0035 and L,, arise from resonant two-photon absorption processes identified in

the text.
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FIG. 2. Two-photon transition energies vs magnetic field for sample no. 2. (1)
The solid lines represent the best fit of the transition energies calculated 0
from Eq. (1) to the data giving E = 146.5 meV ± 1.0 meV. The data cc
points are restricted by the 2fiw values that can be obtained from the CO, z
laser. T= 7 K. J100

refers to light hole Landau levels. Note that as B-0, -200
24-E,.

Figure 2 shows a plot of the experimental data shown in
Fig. I of the values of 2Aaw versus resonant B field. Theoreti-
cal results for the dependence of 24w on B are calculated
from Eq. I by using a modified Pidgeon-Brown energy band -3004
model. 6 The Landau level energies were calculated by using ' I :
Weiler's set of band parameters6 : E, = 19 eV, A = l eV,y, 0 0.1 0.2 0.3
= 3.3, y, = 0.l, y, =0.9,K= -0.8,F= -0.g,q=0.0, X
and N = 0.0. The value of E, is then easily determined by FIG. 3. The low-temperature (-4 K) x dependence of the energy gap for
fitting the theoretical calculations to the data with E, as an alloys with O<x<0.3 selected magneto-optical data are presented as identi-

adjustable parameter. The result for sample no. 2 is E. fied by the various symbols. The two solid lines represent extremes of the
= 146.5 ± 1.0 meV at T= 7 K. These two-photon mag- publishedE,(x,T) relationship: Weiler (Ref. 6) and HSC (Ref. 7).@Ref.
neto-optical techniques are the best method for accurately 26, IMA; 0 Refs. 15, 16, IMA; A (I) Ref. 18 ESR;,A(2) Ref. 19, CCCPR;
determining the energy gap of a semiconductor in part be- A (3) Ref. 20, four photon mixing (ESR); El present work, TPMA.

cause resonant optical absorption processes occur between
Landau levels. One key advantage of TPMA is that it takes
place in the bulk ofthe sample and is thus much less sensitive mining energy band parameters (e.g., E. values) of semi-
to surface preparation than one-photon techniques. conductors because of the resonant optical transitions that

In addition, exciton corrections are much smaller for occur between magnetically quantitized electronic states.
TPMA than for one-photon absorption and thus do not sig- For this reason we concentrate on magneto-optical determi-
nificantly impact the observed transitions. We note that al- nations of E,. We note that our calculations of the two-pho-
though samples no. 3-5 are compensated, TPMA effects can ton transition energies show negligible dependence on the
still be easily observed and thus used to determine accurate crystallographic orientation of the magnetic field direction
values for E.. because of the particular set of band parameters that de-

scribe MCT. Unoriented samples can thus be used because
B. Dependence of E9(x, 7 on x value (for O<x<0.3) anisotropic effects need not be considered.

A number" ' of E, (x, T) relationships exist in the litera- Figure 3 shows a plot of E, (x, T) for several sets of mag-
ture and various researchers use different ones in their day- neto-optically derived E, values for very low temperatures
to-day applications. No consensus exists as to which actually ( < 10 K),t 15t6.'-"0.26 along with our TPMA-deduced values
describes the real variation of E, with x. In this section we of E,. Table II gives the values of E, and x used in the graphs
show that our TPMA-derived E, values verify the Hansen, of Figs. 3 and 4 along with the magneto-optical technique
Schmit, and Casselman (HSC) 7 relationship for E, (x,T) used to obtain them. To the authors' knowledge, these are
(0<x<0.3). We also review various E,(x,T) relation- the most reliable data to use. The variations of two empirical
ships I '-7 °9 and the magneto-optical data" •6 8-20.26 that can relationships that represent the most extreme behavior are
be used as a basis to derive the E. (x, 7') dependence. Mag- also shown in Fig. 3 by the solid lines (Weiler's 6 and the HSC
neto-optical studies have proven capable of accurately deter- relationship7). It is immediately clear that the biggest differ-
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TABLE If. Low temperature magneto-optical derived values of EW(x). Various magneto-optical techniques used include t I) IMA-interband magnetoab-
sorptwn, (2) ESR--elctron spin reonaince. (3) CCCPR-cyclotron. combined and cyclotron phonon resonances. (4) four-pivoton mixing, and (5)
TPMA--two-photon magnetoabsorption. These values are used in Fig. 3 and/or Fig. 4.

Magneto-optical
x value E, (meV) technique used Reference Comments

0 - 299.7 ±0.5 IMA 26 at 8 K

0.01 -285 IMA 15.16 at 4 K
0.025 -261
0.05 - 207

0.105 -130
0.115 -90
0.15 -30
0.185 35
0.215 86
0.25 161
0.28 208

0.193 56 ESR 18 at 4 K

0.203 64:t 3 CCCPR 19 at 4 K

0.234 119 Four-photon
rmxing (ESR) 20 at 4 K

0.239 122 ± I TPMA present work at 2-10 K
0.259 0.0015 158.5 ± 1
0.277 ±0.00 195 ±1
0.300 ± 0.0035 224 ± 2

ences in these two relationships occur in the 0.2-0.3 x-value perature E, 7) data simply did not exist. Now, however,
region. Thus, in order to test which relationship is most ac- the accuracy of determining E, (7) by TPMA techniques
curate, we replot the magneto-optical data in the range 0.2- allows an empirical expression for E, (T) to be determined.
0.3 in Fig. 4. For completeness we also include the variations Figure 5 shows how the TPMA spectra obtained at
of three additional empirical relationships that have also A = 10.24pm depend upon lattice temperature T. A shift in
been reported in the literature: Nemirovsky and Finkman magnetic field positions of the resonant L, and L, structure
(NF),' Chu, Xu, and Tang (CXT), 9 and Legros and Tri- is seen to be small for T,15 K, but quite noticeable for
boulet (LT).'o In addition we have added two values from T> 15 K. The shift of the resonant structure to lower mag-
the recent EMIS Datareviews Series No. 3." The Schmit netic fields for increasing temperatures is a direct conse-
and Stelzer' relationship was not included because the low quence of the increasing energy gap, since as E, becomes
value of E, ( - 250 meV) obtained from it at x = 0 is in larger, the valence and conduction band Landau levels be-
major disagreement with the low x-value MCT data of come further apart in energy. Thus, smaller values of mag-
Guldner et al. s' and the HgTe results from Dobrowolska netic field are required to meet the TPMA resonant condi-
et al.6 The extremely wide variation in predicted Eg values tion for a given two-photon energy. At each temperature.
from these relationships is apparent. The important observa- multiple wavelengths were then used to determine values of
tion tonote isthat thepresent TPMA work verifies the use of E, in the manner described in Sec. III A.
the HSC relationship as representing the best value of We propose to replace the linear temperature term T in
E,(x,73 intherangeO.0--0.3 at very low temperatures ( < 10 the HSC relation by the term (A + T')/(B + T 2). This
K). Unless the good fit is fortuitous, it implies the validity of functional relationship agrees with the HSC relationship at
the gap determination using detector cutoff energy and high temperatures, while allowing for an offset from the
a = 500 cm - absorption edge data. HSC relationship at 0 K. It also agrees with the fact that

dE5 /dT= 0 at 0 K. The size of the 0 K offset is determined
by A /B, while the temperature above which agreement with

C, Dpendence of E, on r(for 0.24 <x<0.26) lIHSC occurs is determined from the inequalities T> 3A- and

Most workers have ignored the fact the E, (7) should T> -Bf.
vary nonlinearly with Tat low temperatures (see the ther- We have simultaneously fitted a composite of three sets of
modynamic arguments presented later). Accurate low tern- E, versus T data for the samples with x = 0.239, x = 0.253,
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FIG. 4. The low-temperature (4 K) x-dlependence of the energy gap for and HSC at 0OK are on the order of 2 meV, which is compara-
0. 2 <x 1 0. 3. This is the most technologically interesting region for infrared
detectors and is the region where the various E, (x, 7) relationships differ ble to the value implied by the uncertainty in x values. Even
the most. Again, various magneto-optical data are presented as well as the though at 0 K the offsets are small, the differences predicted
numbers given in the recent EMIS Datareviews Series (Ref. II). The solid by our new relationship and associated with the nonlinear
lines represent vainous published relationships describing E, (x, T): W temperature dependence of E, are on the order of 3-4 m!V
(Ref. 6). NF (Ref. 5), CXT (Ref. 9), LT (Ref. 10), and HSC (Ref. 7). at 10-12 K and should be taken into account in experiments
Note that the TPMA data from the present work agrees best with the HSC requiring high accuracy.
relationship. 0 Refs. 15 and 16: 0 EMIS Datareviews Series no. 3 (1987). re acuracy.Figures 7(a)-(c) show the data for the energy gap as a

function of temperature for each sample along with the re-
sult of the composite fit. In each case the fit is adequate

and x = 0.259 by the nonlinearly least squares routine con- relative to the ± 2 meV uncertainty that arises mainly from
tained in DATAPLOT.2" The first and third values were ob- the uncertainty in x. Figure 8(a) shows dE, /dT, rationa-
tained from Cominco, while the second was chosen to be lized as in Fig. 6, determined from the data as well as the fit
consistent with the HSC relationship at high temperatures. (represented by the line). It is seen that dE, /dTrises rapidly

Our data merge smoothly with the HSC relationship at low temperatures, reaches a peak at 10-12 K, and then
above 100 K. Below 100 K the data lie below the HSC rela- becomes asymptotic to that ofHSC. A peak was predicted by
tionship, and become constant before 10 K. Figure 6 shows Popko and Pawlikowski2" from the dilatational part of the
the composite data rationalized for comparison by subtract- temperature dependence of the energy gap. We have revised
ing the 0 K energy gap obtained from HSC and dividing by their calculations by using more recent data obtained by Ca-
0.535(1 - 2x). Rationalized HSC values are used at high poraletti and Graham29 for the thermal expansion coeffi-
temperature so that a fit was obtained between 0 and 300 K. cient of Hg , - ICd, Te alloys. We have obtained the value for
The constants A and B that best fit all the data are: x = 0.25 alloys by averaging the values obtained at 0.20 and
A = - 1822 K' and B = 255.2 K2 . Although A and B can 0.30 in Ref. 29. The 25% rise in dE,/dT above unity at 10-
vary with x, no trend was observed by fitting the data indi- 12 K seen in Fig. 8(a) is found to agree numerically when
vidually for each sample. and thus we obtain the A and B the new expansion coefficient value is used in the formula of
values which best fit all the data. The offsets between our fit Ref. 28. Figure 8(b) shows the difference between our new
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FiG. 6. (a) Rationalized energy gaps as a function of temperature for (0)
samples nos. I (x = 0.239), 2 (x = 0.253). and 3 (x = 0.259); (0) with 190
HSC at high temp and fit. Rationalized values from HSC are used at tent-
peratures above those reached by the data. Fit by the expression (A
+ T')/(B + T') is thesolid line. (b) An expansion of (a) between 0 and

100 K. Sample nos. 1-3 and fit. 180 0

170
relationship and that of HSC as a function of temperature for >"
x = 0.2, 0.25, and 0.3. The difference peaks near 10-12 K

and becomes negligible above 100 K for each curve. z
According to the laws of thermodynamics discussed by

Thurmond," the forbidden energy gap, AE,,. is the stan-
dard Gibbs energy for formation of electrons and holes as a .0 ________________

function of temperature. The temperature dependence of 0 10 20 30 40 50 60 70 80 90 100

AE,, may be found from the standard thermodynamic rela- (C) TEMPERATURE (K)

tions":

d(AE,, ) = d(AHc) - Td(ASc, ) - dT(AS0, ) FiG. 7. (a) Energy gaps ofsample * 1 (x = 0.239) asa function oftempera-
ture. The fit by our new relationship is the solid line. (b) Same as (a) for

= Td(ASc, ) + (AVe.)dp - Td(AS-,,) sample no. 2 (x - 0.253). (c) Same as (a) for sample no. 3 (x = 0259 ).

- dT(AS,, )

= (AV ,)dp-dT(AS ,,

d(AE_, )/dT = - AS_, if dp = 0 (fixed pressure)

where AH0, is the enthalpy of formation, AS. is the entropy tropy in this case goes to zero physically because all valence
of formation, A V,, is the volume change, T is temperature, states become filled and all conduction states become empty.
and p is pressure. By the third law of thermodynamics, It is mathematically satisfying that the derivative becomes
AS , -0 as T-0, so that d(AE, )/dT- 0 as T-0. The en- zero because there is no temperature below absolute zero,
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2.0 1 1 , 1 1 1 E,(x,T)= -0.302+l.93x+5.35(l-2x)(lO-4)

- x [( - 1822 + T-1)/(255.2 + T2 )]

it 5 h5 - 0.8 l0x' + 0.832x-,

I- 0 nA Ab & 0 A0for E, in eV and Tin K.

1.0 This relation should apply to alloys with 0.2 < x < 0.3.
a[_oo 0 For samples with 10/pm cutoffwavelengths (i.e.. x=0.2),

the maximum deviation of our new relation from that of
V 0.5I HSC is approximately 3-4 meV at - 10-12 K. At lower tem-

peratures, E becomes independent of Tand for higher tem-
peratures the difference grows smaller, finally becoming

0 0 0AInegligible at temperatures over 100 K. The major reason for
0 50 100 150 200 the observed nonlinear behavior of E, seems to be related to

(a) TEMPERATURE (K) ( I ) the dilatational part of E, as predicted earlier by Popko
and Pawlikowski and (2) the fact that dE, /dTmust go to
zero at T = 0 K as predicted by the third law of thermody-

0 1 namics.
The work in this paper on the nonlinear temperature de-

pendence of Eg at T< 77 K is also significant because it pro-
-1 vides valuable input for the proper interpretation of low tem-

WU perature photoluminescence (PL) spectra. For example,
low temperature PL spectra for alloys with xz0.3 are often

W -2 composed of multiple lines attributed to recombination
originating from band-to-band, band-to-acceptor, donor-to-

> acceptor, and/or bound exciton transitions. 23233 The iden-
.3 tification and interpretation of each particular PL line is

Z usually made by determining the variation in intensity of the
Wa line with pump power and the shift in the line energy with

-4 clattice temperature. The energy of the PL lines usually shift
0 50 100 150 200 with temperature and those shifts are then compared with

(b) TEMPERATURE (K) the shifts in band gap energy with temperature. Consequent-
ly, accurate knowledge of the nonlinear temperature vari-

FIG 8. (a) Rationalized denvativeoftheenergy gapwith temperature as a ation of Eg for T< 77 K is important.
function of temperature for thedataofsamples nos. I (,). 2(0),and 3(0)
(x 0.239, 0253, and 0.259) along with that corresponding to the fit, ACKNOWLEDGMENTS
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